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geometry  is  particularly  well  suited  to  the  use  of  a  depressed  collector  for  electron  beam  energy  recovery. 
The  QOG  operates  in  the  lowest-order  transverse  (TEMqo/)  Gaussian  mode  of  the  resonator,  higher-order 
transverse  modes  being  effectively  suppressed  by  higher  diffraction  losses.  This  paper  reviews  recent  pro¬ 
gress  toward  the  development  of  high-power  quasi-optical  gyrotrons  for  ECRH  of  fusion  plasmas.  It  includes 
an  overview  of  gyrotron  theory  in  term  of  normalized  variables  as  they  apply  to  the  quasi-optical  gyrotron  for 
operation  both  in  the  fundamental  and  the  higher  harmonics.  Scaling  equations  for  the  output  power  and 
resonator  mirror  heating  by  the  RF  are  given.  The  design  tradeoffs  between  annular  and  sheet  electron  beams 
are  discussed  as  is  the  issue  of  beam  space-charge  depression  in  the  open  resonator.  Recent  advances  in  the 
analysis  and  design  of  QOG  configurations  capable  of  efficient  and  stable  single-mode  operation  are  dis¬ 
cussed,  showing  the  possibility  of  achieving  50%  transverse  efficiency  in  highly  ovemioJed  resonators.  The 
application  of  a  depressed  collector  is  discussed  as  a  means  of  recovering  the  energy  in  the  axial  motion  of 
the  spent  electron  beam  and,  thus,  raising  the  output  efficiency  to  near  the  transverse  electronic  efficiency. 
The  problem  of  high  field  magnet  design  is  addressed,  for  both  fundamental  and  higher  harmonic  operation, 
the  latter  being  necessary  at  very  high  frequencies.  The  design  equations  and  tradeoffs  are  applied  to  the 
design  of  1  MW,  CW  quasi-optical  gyrotrons  operating  at  120  GHz,  in  the  first  and  second  harmonic  at  280 
GHz  and  in  the  second  harmonic  at  560  GHz.  The  output  coupling  for  these  1  MW  designs  is  5-7  %  showing 
the  potential  for  even  higher  powers  per  tube  if  sheet-beam  electron  guns  can  be  developed.  The  estimated 
electronic  efficiency  of  the  fundamental  harmonic  designs  is  23%,  which  leads  to  an  output  efficiency  of  47% 
with  the  use  of  a  depressed  collector  with  a  modest  collection  efficiency.  The  peak  ohmic  heating  density  is 
500  kW/cm2  in  all  the  designs.  This  leads  to  resonator  mirror  separations  ranging  from  58  cm  for  the  120 
GHz  design,  to  116  cm  for  the  560  GHz,  second  harmonic  design.  Finally,  a  simple  output  system  composed 
of  elliptical  and  parabolic  mirrors  is  described  that  converts  the  output  radiation  from  the  resonator  into  a 
parallel,  quasi-gaussian  beam.  Experimental  programs  are  reviewed  as  well,  including  the  recent  experiment 
at  the  Naval  Research  Laboratory  that  produced  frequencies  ranging  from  95-130  GHz  and  powers  up  to  150 
kW.  Operation  in  a  single  mode  was  observed  at  powers  up  to  125  kW  despite  the  resonator  being  highly 
overmoded.  Comparison  is  made  with  the  theoretically  predicted  region  of  single-mode  operation.  Recent 
progress  in  the  experimental  characterization  of  QOG  resonators  is  summarized. 
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REVIEW  OF  QUASI-OPTTCAL  GYROTRON  DEVELOPMENT 


I.  Introduction 

There  is  currently  a  need  for  megawatt  average  power  sources  of  100-600  GHz  radiation 
for  electron  cyclotron  heating  of  fusion  plasmas.  One  of  the  leading  candidates  for  such 
a  source,  the  conventional  waveguide  cavity  gyrotron/1*  has  produced  output  powers  of 
765  kW  and  efficiencies  of  30%  at  148  GHz  in  a  CW-relevant  configuration/2*  As  wave¬ 
guide  cavity  gyrotrons  are  driven  to  higher  frequencies  and  power  levels,  a  number  of 
major  obstacles  arise.  These  include,  among  others,  wall  heating,  mode  competition,  and 
collection  of  the  spent  electron  beam.  The  quasi-optical  gyrotron  (QOG)  configuration  is 
an  attempt  to  overcome,  to  varying  degrees,  many  of  the  limitations  generic  to  conventional 
gyrotrons. 

The  QOG  was  first  proposed  and  analyzed  in  1980  by  Sprangle,  Vomvoridis,  and 
Manheimeri3*  at  the  Naval  Research  Laboratory  (NRL).  It  is  a  coherent  radiation  source 
which  has  the  potential  of  going  to  higher  frequencies  and  power  levels  than  conventional 
closed  cavity  gyrotrons.  The  QOG  is  based  on  an  electron  cyclotron  interaction  as  are  the 
gyrotrons  and  cyclotron  autoresonance  masers  (CARMs),  but  it  utilizes  an  open  Fabry- 
Perot  type  resonator  instead  of  a  closed  cavity  configuration. 

The  basic  structure  of  the  quasi-optical  gyrotron,  shown  in  Figure  1.  consists  of  an  open 
resonator  containing  a  beam  of  electrons  gyrating  about,  as  well  as  streaming  parallel  to, 
an  applied  magnetic  field.  The  magnetic  field  is  directed  transverse  to  the  axis  of  the  open 
resonator,  which  consists  of  two  or  more  appropriately  curved  mirrors. 

As  a  coherent  radiation  source  the  QOG  has  a  number  of  very  attractive  features.  These 
features  include: 

i)  low  voltage  operation  (~100  keV); 

ii)  transverse  mode  selection,  which  is  achieved  in  an  open  resonator  through  diffraction 
effects; 

iii)  low  wall  heating,  which  is  accomplished  by  increasing  the  separation  between  the 
resonator  mirrors,  thus  lowering  the  stored  power  density; 
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iv)  high  frequency  capability  and  tunability,  which  are  possible  since  the  resonator  di¬ 
mensions  are  not  related  to  the  radiation  wavelength; 

v)  high  efficiency  operation  (~50%); 

vi)  simplified  electron  beam  collection  and  use  of  a  depressed  collector,  since  the  radiation 
and  electron  beam  propagate  at  right  angles  to  each  other; 

vii)  efficient  operation  at  higher  cyclotron  harmonics; 

viii)  low  electron  beam  power  density  with  large  beam  power  ; 

ix)  independent  variability  of  the  resonator  quality  factor  ( Q ). 

Both  the  closed  cavity  gyrotron  and  the  quasi-optical  maser  have  the  advantage  that 
they  can  operate  efficiently  at  low  voltages  (<100  keV).  Low  voltage  operation  allows  for 
more  compact  and  less  expensive  power  supplies.  In  addition,  x-ray  shielding  becomes  less 
of  a  problem  at  these  low  voltages  and  a  depressed  collector  can  be  used  to  provide  higher 
overall  efficiencies.  Since  the  QOG  utilizes  an  open  resonator  and  thus,  can  have  a  large 
interaction  volume,  the  input  electron  beam  power  can  be  extremely  high  while  the  power 
density  can  be  kept  fairly  low.  The  usual  limitations  on  beam  power  imposed  by  space 
charge  effects  can  therefore  be  substantially  eliminated.  The  wave-particle  interaction  can 
be  efficient  (~50%)  similarly  to  the  conventional  gyrotron.  In  addition,  the  operating  fre¬ 
quency  is  limited  solely  by  the  external  magnetic  field  and  is  independent  of  the  dimensions 
of  any  physical  structure.  Efficient  coupling  between  the  electrons  and  radiation  field  can 
occur  near  harmonics  of  the  relativistic  cyclotron  frequency  allowing  harmonic  operation. 
A  QOG  has  many  modes  which,  in  principle,  can  experience  gain,  producing  a  multimode 
output  signal.  The  fundamental  transverse  Gaussian  resonator  mode  (TEMooj)  can  be 
preferentially  excited  in  the  open  resonator.  If  the  mirrors  in  the  open  resonator  are  made 
large  enough  to  intercept  a  large  fraction  of  the  electromagnetic  flux  in  the  fundamental 
mode,  we  may  expect  this  mode  to  have  a  large  Q.  The  higher  order  transverse  modes  can 
be  expected  to  have  substantially  smaller  Q  factors  since  they  suffer  from  larger  diffraction 
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losses.  This  is  an  advantage  over  a  closed  cavity,  where  all  transverse  modes  would  have 
comparable  values  of  Q.  Output  coupling  is  via  diffraction  around  the  mirrors  and  can  be 
varied  independently  of  other  interaction  parameters.  The  axial  mode  separation  is  small 
compared  to  the  interaction  bandwidth  in  CW-relevant  configurations  so  that  a  number 
of  longitudinal  modes  within  the  resonator  can  undergo  gain  and  produce  a  multimode 
output  signal,  unless  they  are  suppressed.  Longitudinal  mode  selection  can  be  achieved 
by  nonlinear  gain  suppression  of  competing  modes  by  the  dominant  mode  or  by  employ¬ 
ing  a  mode  selective  structure  in  the  resonator  such  as  a  diffraction  grating.  The  theory 
of  multimode  operation'  was  developed  by  Bondeson,  Manheimer  and  Ott.(4)  The  theory 
of  quasi-optical  gyroklystrons  and  of  operation  at  the  harmonics  of  the  electron  cyclotron 
frequency  has  also  been  examined/5,6'  New  theoretical  work  shows  that  single  longitudinal 
mode  equilibria  are  possible  and  can  be  efficient/7! 

In  this  article  we  present  a  review  of  the  QOG  work  performed  at  the  Naval  Research 
Laboratory  (NRL),  as  well  as  the  progress  made  at  other  institutions.  The  theory  of 
the  QOG,  as  well  as  conventional  gyrotrons,  can  be  easily  understood  in  terms  of  three 
normalized  variables:  F,  the  normalized  electric  field;  /r,  the  normalized  interaction  length; 
and  S,  the  normalized  interaction  phase-slip  parameter.  These  parameters  can  be  used 
to  predict  regions  where  the  QOG  will  stably  operate  in  a  single  mode.(7)  Single- mode 
operation  is  important  for  many  applications  and  might  be  unexpected  in  the  QOG  due 
to  the  fact  that  several  (>  10)  different  longitudinal  modes  may  be  excited  within  the 
bandwidth  of  the  beam-wave  interaction.  Significant  regions  of  single- mode  operation  are 
found,  particularly  if  the  axis  of  the  mirror  resonator  is  tilted  by  a  small  amount  (~  2°) 
from  the  direction  perpendicular  to  the  travel  of  the  electron  beam/7'  Indeed,  the  peak 
efficiency  region  can  also  be  within  the  region  of  single-mode  stability  for  some  designs. 
Further,  increasing  the  mode  density  by  moving  the  resonator  mirrors  apart  (which  is  done 
to  reduce  the  peak  ohmic  heating  levels  on  the  mirrors)  has  little  effect  on  the  single-mode 
stability  region  of  a  CW  device,  with  the  largest  effect  occurring  at  very  low  currents. 

Heating  of  the  resonator  mirrors  by  the  RF  fields  is  an  important  issue  for  a  CW 
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device.  The  peak  heating  density  occurs  at  the  center  of  each  mirror  and  can  be  reduced 
to  arbitrarily  low  values  by  moving  the  resonator  mirrors  sufficiently  far  apart.  Moreover, 
the  peak  heating  density  is  independent  of  the  output  coupling  fraction  (and  therefore  the 
resonator  output  power),  and  the  total  power  dissipated  on  the  mirrors  actually  decreases 
as  the  output  coupling  (and  power)  increase.  Scaling  equations  for  both  the  output  power 
and  the  resonator  mirror  heating  have  been  derived  in  terms  of  the  normalized  parameters, 
a  practice  which  facilitates  the  design  optimization  process.  Similar  equations  have  been 
applied  to  the  design  of  multi- megawatt  QOGs  by  Tran  et  alS 8) 

When  the  electron  beam  passes  through  the  QOG  resonator,  it  is  necessarily  far  from 
any  ground  reference.  In  annular  beam  configurations  the  beam  charge  density  is  relatively 
high,  making  space  charge  depression  of  the  beam  in  the  resonator  important.  Two  meth¬ 
ods  to  overcome  this  effect  are  proposed,  the  first  being  the  application  of  a  longitudinal 
electrostatic  field.  Ultimately,  an  electron  gun  producing  a  sheet  electron  beam  is  desir¬ 
able.  This  type  of  beam  is  fundamentally  better  matched  to  the  QOG  due  to  its  low  charge 
density,  high  total  current,  and  the  fact  that  the  electrons  can  be  concentrated  near  the 
resonator  axis. 

Current  and  past  QOG  experiments  have  been  limited  to  approximately  120  GHz,  due 
to  the  availability  of  high  field  magnets  with  the  crossbore  necessary  for  the  transversely 
oriented  resonator.  Magnets  capable  of  extending  operation  to  280  GHz  are  potentially 
available;  however,  to  reach  560  GHz,  harmonic  operation  is  essential.  It  is  well  known  that 
the  nonlinear  efficiency  is  not  seriously  degraded  by  operating  at  the  second  harmonic,  and 
again,  design  equations  are  presented  using  the  normalized  variables. 

The  first  QOG  experiment  was  carried  out  in  1984  by  Hargreaves  et  al.(9)  The  results  of 
these  initial  experiments,  as  well  as  work  carried  out  at  other  laboratories,  will  be  reviewed. 
More  recent  experiments  at  NRL  by  Fliflet  et  al.(10’u)  have  demonstrated  reasonably  good 
agreement  with  the  available  theories  and  are  discussed  in  more  detail.  In  particular, 
single-mode  operation  at  high  output  power  was  observed. 

The  characteristics  of  the  RF  output  mode  are  critical  if  the  radiation  is  to  be  trans- 
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ported  over  the  long  distances  necessary  for  heating  a  fusion  plasma.  To  investigate  different 
output  coupling  methods  and  to  measure  various  resonator  parameters,  a  cold- test  setup 
has  been  assembled  at  NRL.  This  has  allowed  the  testing  of  resonator  sensitivity  to  align¬ 
ment,  verification  of  resonator  design  codes,  and  characterization  of  the  output  radiation. 

Based  on  what  has  been  learned  to  date,  a  new  experiment  has  been  designed  and 
assembled  at  NRL.  The  design  of  this  pulsed  experiment  is  described  in  some  detail  due  to 
its  relevance  to  the  design  of  megawatt  CW  devices.  Point  designs  for  several  CW  devices 
with  frequencies  of  120,  280,  and  560  GEz  are  presented.  Both  first  and  second  harmonic 
designs  are  given  for  operation  at  280  GHz,  while  the  design  for  560  GHz  assumes  operation 
at  the  second  harmonic.  Design  limitations  and  strengths  are  discussed. 

The  remainder  of  this  paper  is  organized  as  follows.  Section  2  presents  a  summary  of 
QOG  theory.  Section  3  reviews  recent  QOG  experimental  results  and  Section  4  discusses 
cold- test  studies  of  QOG  resonators.  Section  5  discusses  the  design  of  a  new  high  power 
QOG  experiment  which  has  been  set  up  at  NRL.  Section  6  summarizes  the  prescription  for 
designing  CW  120,  280,  and  560  GHz  QOGs  with  1  MW  output  power  and  includes  point 
designs.  Conclusions  are  given  in  Section  7. 
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II 


Theory 


II.A.  Quasi-Optical  Resonator  Modes 

The  quasi-optical  gyrotron  concept  involves  the  application  of  optical  techniques  to 
gyrotron  devices.  Specifically,  it  involves  the  use  of  a  Fabry- Perot- type  open  mirror  res¬ 
onator  to  confine  the  radiation.  The  basic  configuration  is  shown  in  Figure  1.  The  electron 
beam  propagates  perpendicularly  to  the  paper  along  a  magnetic  field.  The  figure  shows 
both  the  annular  beam  and  double  sheet  beam  cross  sectional  geometries.  The  radiation 
bounces  back  and  forth  across  the  distance  d  between  the  mirrors  in  one  or  more  TEMqoi 
modes  of  the  resonator  and  interacts  with  the  electron  beam  via  the  conventional  gyrotron 
mechanism.^12!  The  mode  structure  of  the  resonator  is  determined  primarily  by  the  sepa¬ 
ration,  d ,  and  radius  of  curvature,  Rc,  of  the  mirrors.  The  radiation  beam  waist  radius  of 
the  TEMoo  mode  in  the  Gaussian  approximation  is  given  by: 


where  A  is  the  free-space  wavelength  of  the  radiation  and  g  =  1  -  dj Rc.  The  parameter 
regimes  corresponding  to  stable  resonator  configurations  are  indicated  in  Figure  2.  Near 
concentric  resonators  (d  ss  2 Rc)  have  the  lowest  peak  ohmic  loading  of  the  mirror  surfaces. 
Radiation  is  taken  out  of  the  resonator  by  diffraction  around  the  edges  of  the  mirrors.  This 
type  of  output  coupling  effectively  discriminates  against  higher  order  transverse  modes 
of  the  resonator.  In  most  analyses  and  experiments  to  date,  the  resonator  axis  has  been 
perpendicular  to  the  electron  beam  as  in  Figure  1,  i.e.,  oriented  in  the  y-direction;  but  recent 
theoretical  work  by  Antonsen,  Levush  and  Manheimer*7'  indicates  that  the  efficiency  and 
the  stability  of  single-mode  operation  may  be  enhanced  by  tilting  the  resonator  axis  bv  a 
small  angle  0  ~  2°  with  respect  to  the  y-axis.  The  theory  of  the  QOG  with  an  oblique  angle 
between  the  resonator  and  electron  beam  axes  has  also  been  considered  by  Levush  et  al..,b' 
Kreischer  et  al.,113^  and  Wang  et  alJ14'  In  the  configuration  shown  in  Fig.  1,  a  moderate 

voltage  ( V  ~  100  kV)  gyrating  electron  beam  will  interact  primarily  with  the  x-component 
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of  the  resonator  RF  electric  field.  The  resonator  fields  are  periodic  with  a  period  tb  =  2 d/c 
where  c  is  the  sped  of  light.  The  RF  electric  field  excited  in  the  resonator  by  the  electron 
beam  can  be  expressed  as  a  superposition  of  TEMo#  modes  of  the  form: 

Ex  (y,  z,  t)  =  £  Ei  (t)  cos  [k  ( y  -  9z)  -  rir/2]  e-"“  +  c.c.  (2) 

i 

where  k  is  the  wave  number,  Ei  is  a  complex  mode  amplitude,  and 

w;  =  wo  +  tf(7  -  l0)c/d  (3) 

is  the  cold  resonator  mode  frequency  where  ljq  is  the  frequency  of  an  arbitrary  reference 
mode  with  index  /o.  The  number  of  modes  included  in  the  summation  should  be  sufficient 
to  span  the  interaction  bandwidth 

Awjn,  as  u/(sNe)  (4) 

where  Nc  is  the  number  of  cyclotron  orbits  occurring  during  the  interaction,  u j  is  the  wave 
angular  frequency,  and  a  is  the  harmonic  number  of  the  interaction.  In  configurations  with 
low  mirror  ohmic  heating  densities  the  mode  frequency  separation  A u>i  =  xc/d  <  A^in[ . 
Since  the  interaction  involves  only  a  few  radiation  wavelengths,  the  mode  dependence  of 
the  wave  number  can  be  neglected. 

II.B.  Slow-Time- Scale  Equations  of  Motion 

The  linear  and  nonlinear  theory  of  quasi-op tical  and  waveguide  gyrotrons  has  received 
considerable  attention/3-4'5,15!  The  use  of  normalized  variables  to  reduce  the  gyrotron  equa¬ 
tions  of  motion  to  equations  for  the  transverse  momentum  involving  a  small  number  of 
parameters  has  proven  extremely  useful  for  gyrotron  design  optimization.  The  slow-time- 
scale  equations  of  motion  (averaged  with  respect  to  the  cyclotron  period)  for  the  interaction 
with  a  single  resonator  mode,  and  perpendicular  electron  beam  and  mirror  axes,  are  known 
as  the  pendulum  equations  and  are  given  by: 

=  —  F,  cos  (kyg  —  an  12)  e~{2c^u)3  p3^x  sin  i)  (5i 

-jT  =  -  (A  +  p]_  -  l)  -  3Fa  cos(kyg  -  stt/2)  cos  \)  (6) 
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where  p±  =  7/3x/7q/5io  is  the  normalized  tranverse  momentum  and  0  is  the  slow-time- 
scale  phase.  The  (initial)  relativistic  mass  factor  is  denoted  by  7  (70),  [3±o)  is  the 

transverse  velocity  normalized  to  c,  and  yg  is  the  guiding  center  of  the  electron  gyration. 
The  independent  variable  is  the  normalized  axial  coordinate: 

C-^4  (7) 

P||o  * 

where  /?||0  is  the  axial  velocity  normalized  to  c.  The  pendulum  equations  are  characterized 
by  the  normalized  wave  amplitude  F,,  the  interaction  length  ft,  and  the  detuning  parameter 
A.  As  shown  by  Tran  et  al^16),  for  the  QOG  these  parameters  can  be  expressed  as  follows 
(in  MKS  units): 


vrn*  s,_1 


EJtf  s-1 

*  B0c  2-hl 

,  -  2#t 

P\\0  A 


A  = 


sQ/7o 


where  Ec  is  the  RF  electric  field  at  the  beam,  B0  is  the  applied  axial  magnetic  field,  and  Q  is 
the  (nonrelativistic)  electron  gyrofrequency.  The  transverse  electron  efficiency  is  obtained 
by  integration  of  the  pendulum  equations  averaged  ov«*r  the  initial  phase  angle  id0)  and 
orbit  guiding  centers  ( yg )  of  the  electrons  and  is  given  by: 

7a  =  1  -  (pi  (Cmi^o))^  (11) 

neglecting  velocity  spread,  a  good  approximation  for  the  gyrotron.  The  transverse  efficiency 
is  related  to  the  interaction’s  electronic  efficiency  (77)  according  to: 

7  = /5i0^x/ [2  (l -7-1)]  .  ( 12) 

In  gyrotrons  with  a  sparse  enough  spectrum  of  interacting  modes  that  only  one  mode  falls 
within  the  interaction  bandwidth,  the  detuning  parameter  can  be  chosen  t.o  optimize  the 
transverse  efficiency  of  the  interaction.  The  efficiency  potential  of  gyrotrons  of  this  type 
can  be  expressed  in  terms  of  F-fi  plots^17!  in  which  the  contours  of  constant  transverse 


efficiency  (tjx)  are  plotted  as  a  function  of  the  normalized  wave  amplitude  and  interaction 
length  for  optimized  resonance  detuning.  The  maximum  transverse  efficiency  obtained  in 
this  manner  is  over  60%  for  a  pencil  beam,  fi  =  10  —  20  and  F  =  0.8  — 1.6.  In  gyrotrons  with 
a  high  density  of  interacting  modes  such  as  the  QOG,  operation  at  optimum  detuning  may 
be  prevented  by  mode  competition.  In  this  case  operation  may  be  single  or  multimoded  and 
the  frequency  and  detuning  are  determined  by  the  3tart-up  conditions  and  the  interaction 
itself. 


II.C.  Oscillation  Threshold  Current 


The  starting  current  for  oscillations,  an  important  parameter  in  QOG  design,  can  be 
obtained  from  a  small  signal  analysis  of  the  pendulum  equations.  The  resulting  expression 
for  perpendicular  radiation  and  electron  beam  axes  (using  MKS  units)  is: 

2 


_  27r4mec7/^(3  d  fw0\2(2a  ls!\a  2  if  \  \ 

U  fi0e  Q  \\\)  {  s*  )  l±Jo(2krb)I,t{S,A'li) 


(13) 


where  me  and  e  are  the  mass  and  charge  (magnitude)  of  an  electron,  fi0  is  the  free  space 
permeability,  Q  is  the  resonator  quality  factor,  and  J0  is  a  regular  Bessel  function.  The 
normalized  threshold  current  /  is  given  by'16* 

8  ef!2 


A,fi)  — 


7 Tfl2  fid  —  2 3 


.14) 


where  <5  =  fiA/2  is  the  kinematic  phase-slip  angle  of  the  electrons  transiting  the  resonator. 
The  factor  2/  (1  ±  Jo(2krb))  in  Equation  (13)  accounts  for  the  annular  beam  geometry'18* 
and  is  omitted  for  a  pencil  beam.  The  +  (— )  sign  corresponds  to  placing  the  electron  beam 
axis  on  a  maximum  (null)  of  the  wave  field.  In  a  high  mode  density  resonator,  the  first  mode 
to  achieve  large  amplitude  oscillations  will  be  the  mode  with  a  detuning  corresponding  to 
the  highest  linear  growth  rate  or,  equivalently,  the  lowest  oscillation  threshold  current, 
which  is  given  by:  I™*  =  /„(a,  Amin,  I*)  where  A™,  =  2 60/fi  and  60  =  s/fi  +  \Js:/fi2  7  1. 
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II.D.  Single-mode  Efficiency  and  Stability 


The  single-mode  stability  and  efficiency  potential  of  the  QOG  has  recently  been  in¬ 
vestigated  by  Antonsen  et  alA7)  and  an  outline  of  their  formulation  is  included  here.  For 
a  given  interaction  length  /i,  the  single-mode  efficiency  can  be  expressed  as  a  function  of 
RF  electric  field  parameter,  €  =  F,{i,  and  the  kinematic  phase-slip  parameter,  8  =  p A/2, 
which  for  the  fundamental  harmonic  interaction  are  also  given  by: 


2t  /  Cl  \  wo 

fill  V  "7o/  A 
8t  (1  +  a2)  [To T 
50A(1  -7“2) «  Vxc2T’ 


(15) 

(16) 


where  P  is  the  diffraction  output  power,  Zo  =  377  ohms,  T  is  the  resonator  output  cou¬ 
pling  coefficient,  and  a  =  vio/vj|o  is  the  initial  beam  velocity  (or  momentum)  pitch  ratio. 
Consider  first  the  case  of  an  idealized  pencil  beam  and  a  normalized  interaction  length 
H  =  10.  A  contour  plot  of  rjx  in  €  —  6  space  calculated  by  Antonsen  et  aid7)  is  shown  in 
Figure  3.  A  peak  transverse  efficiency  of  —  0.6  is  obtained  at  a  normalized  field  amplitude 
of  €  ss  1.6  and  a  phase-slip  parameter  of  6  =  2.8.  This  corresponds,  for  example,  to  an 
electronic  efficiency  of  30%  for  a  beam  with  pitch  ratio  a  —  1.  Contours  of  constant  nor¬ 
malized  threshold  current,  \  are  also  shown.  Optimum  efficiency  is  obtained  for 

currents  of  8-12  times  the  minimum  threshold  current.  The  linear  gain  is  maximum  for 
6  ~  1.1  which  corresponds  to  a  lower  efficiency  of  ~  0.3  for  x  =  8.  The  mode  frequency 
separation  in  high  average  power  quasi-optical  gyrotrons  is  such  that  Ad  =  d(+1  —  d;  <  0.5. 
Thus,  it  is  necessary  to  determine  whether  an  efficient  single-mode  equilibrium  is  stable 
and  accessible.  Antonsen  et  al.  find  that  the  stability  of  single-mode  equilibria  depends 
primarily  on  the  stability  of  the  nearest  neighbor  mode  pairs  in  the  presence  of  the  de¬ 
sired  operating  mode.  Coupling  occurs  between  these  modes  via  the  resonance  condition: 
|2 uji  —wi+i  —  Wf_i|  «  0.  The  region  of  stable  operation  corresponds  to  the  area  enclosed 
by  the  heavy  solid  curve  in  Figure  3.  The  stable  region  includes  both  the  high-efficiency 
regime  and  the  high-gain  regime.  The  high-efficiency  regime  can  be  accessed  during  CW 

operation,  in  principle,  by  suitably  programming  the  start-up  conditions  of  the  gyrotron. 
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The  stable  region  denoted  by  the  heavy  solid  line  corresponds  to  an  axial  mode  density 
characterized  by  the  ratio  £  =  t*/tt  =  10,  where  tt  is  the  electron  transit  time  in  the 
resonator.  The  heavy  dashed  line  shows  the  effect  of  increasing  the  mode  density  by  a 
factor  of  5.  Thus,  the  boundary  of  the  high  efficiency  region  is  insensitive  to  the  mode 
density. 

II.E.  Effect  of  Annular  Electron  Beam 

The  effect  of  replacing  the  pencil  beam  by  am  annular  electron  beam  —  used  in  all  QOG 
experiments  to  date  —  is  shown  in  Figure  4.  The  figure  shows  results  from  Antonsen  et 
al.(7)  and  indicates  a  reduction  in  the  peak  transverse  efficiency  from  ~  0.6  to  ~  0.4  as  well 
as  a  significant  reduction  in  the  region  of  stable  single-mode  equilibria.  The  reduction  in 
peak  efficiency  associated  with  an  annular  beam  is  well  known,  but  the  effect  on  single¬ 
mode  stability  has  only  recently  been  appreciated.  As  pointed  out  by  Antonsen  et  al., 
the  neighboring  modes  are  less  effectively  suppressed  by  the  main  mode  in  the  annular 
beam  case.  This  is  because,  unlike  the  pencil  beam  case,  the  neighboring  modes  have 
opposite  parity  to  the  main  mode  and  weaker  coupling  to  the  beam  due  to  the  shift  in  the 
position  of  the  field  maxima  of  these  modes.  This  leads  to  higher  starting  currents  for  the 
satellite  modes,  but  gain  can  occur  at  the  currents  needed  for  high  nonlinear  efficiency  of 
the  main  mode.  Since  the  electrons  which  contribute  most  to  the  gain  of  the  satellite  modes 
pass  through  a  null  of  the  main  mode,  the  effectiveness  of  the  nonlinear  gain  suppression 
mechanism  is  reduced.  The  reduction  in  the  stable  region  further  reduces  the  maximum 
single-mode  efficiency  to  7/j.  ~  0.3  and  limits  the  maximum  stable  current  to  about 
Interestingly,  the  work  of  Antonsen  et  ad.  shows  that  both  the  stable  region  and  the 
efficiency  can  be  increased  by  tilting  the  mirror  axis  relative  to  the  axis  of  the  magnetic 
field  by  a  small  angle  from  the  usual  perpendicular  orientation.  An  angle  of  0  m  2°  is 
sufficient  to  equalize  the  coupling  to  even  and  odd  parity  modes.  The  resulting  plot  of 
single-mode  efficiency  and  the  stable  region  as  calculated  by  Antonsen  et  al.  are  shown  in 
Figure  5.  The  calculations  correspond  to  a  normalized  tilt  angle  O'  =  kw09  =  1.  The  stable 
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region  is  similar  in  extent  to  the  pencil  beam  case  and  the  peak  transverse  efficiency  is  over 
50%.  The  theory  also  predicts  that  the  size  of  the  stable  region  is  relatively  unaffected  by 
increased  mode  density  in  the  case  of  CW  operation. 


ILF.  Output  Power  and  Ohmic  Heating  Scaling 


The  output  power  of  the  quasi-optical  gyrotron  scales  as;(!9) 


p~m  =  i/^SVF/T  ( 


2*-1s! 


in  MKS  units,  where  T  is  the  resonator  total  output  coupling.  Choosing  g,  and  F,  to 
optimize  efficiency  and  single-mode  stability  specifies  T  for  given  output  power  and  beam 
parameters.  Typical  parameters  for  efficient,  stable  operation  are  /x  =  10  and  F  =  0.2. 
The  peak  ohmic  heating  density  on  the  resonator  mirrors  may  be  expressed  in  the  form: 


Vk(W/mJ) 


(18) 


where  a  is  the  mirror  conductivity  which  is  taken  to  be  3.6  x  107  siemens/m  for  OFHC 

copper  at  200°C.  For  a  given  frequency,  F„  beam  parameters,  and  output  coupling,  mirror 

heating  depends  on  g.  The  peak  ohmic  heating  density  occurs  at  the  center  of  the  mirror 
; 

and  is  related  to  the  average  heating  density  according  to  (  for  symmetric  cavities):  ppeak  = 
In  (2 /T)  p„,  which  shows  that  the  difference  between  the  peak  and  average  heating  can  be 
minimized  by  maximizing  the  mirror  output  coupling.  As  shown  in  Figure  2  the  parameter 
g  can  vary  from  1  (planar  mirrors)  to  -1  (concentric  mirrors)  at  which  point  the  resonator 
becomes  unstable.  As  the  frequency  is  increased,  peak  and  average  ohmic  heating  densities 
can  be  controlled  by  choosing  g  close  enough  to  -1.  Since  the  radiation  beam  waist  is 
determined  by  optimum  interaction  length,  the  mirror  separation  increases  as  g  approaches 
■1.  Thus  the  price  for  reduced  ohmic  heating  density  is  increased  axial  mode  density  and 
increased  sensitivity  of  the  the  resonator  modes  to  mirror  alignment.  However,  the  total 
ohmic  power  dissipated  by  each  resonator  mirror  is  independent  of  g  : 


^(W)  -  £  (a?)*  Or)’  O'wvc 


93-  1  el 


I 

I 


This  power  is  a  sensitive  function  of  the  harmonic  number  for  constant  beam  and  RF 
parameters.  For  a  given  frequency  and  electron  beam  parameters,  a  constraint  on  average 
heating  density  leads  to  a  trade-off  between  g  and  T.  Note  that  for  a  given  output  power 
and  /i,  F,  is  also  determined  by  T. 

II. G.  Superconducting  Magnet  Design 

The  fact  that  the  QOG  resonator  is  transverse  to  the  path  of  the  electron  beam  forces  the 
superconducting  magnet  to  have  an  open  crossbore  and  effectively  requires  a  “cold-bore” 
configuration.  The  crossbore  limits  the  magnet  to  a  Helmholtz-type  design.  Separating 
the  two  magnet  coils  further  than  the  one  diameter  separation  of  a  true  Helmholtz  pair 
(to  allow  more  room  for  the  resonator)  produces  a  local  minimum  in  the  magnetic  field 
in  the  interaction  region.  This  minimum  has  two  effects.  First,  the  electron  beam  must 
pass  through  the  peak  magnetic  field  before  it  reaches  the  resonator,  and  it  is  at  this  peak 
where  the  beam  will  have  its  greatest  chance  of  being  magnetically  mirrored.  Thus,  by  the 
time  the  beam  reaches  the  resonator,  some  of  its  perpendicular  energy  has  been  converted 
back  into  energy  parallel  to  the  magnetic  field  and  is  unavailable  to  the  RF  interaction. 
Second,  some  of  the  electrons  will  enter  the  interaction  region  with  phases  such  that  they 
gain  a  net  amount  of  energy  from  the  RF  fields  in  the  resonator.  This  energy  gamed  is 
deposited  as  perpendicular  energy  in  the  electron.  This  occurs  in  all  gyrotrons,  however, 
here  the  electron  beam  must  again  pass  through  a  second  maximum  of  the  magnetic  field. 
If  the  electron  has  gained  a  sufficient  amount  of  transverse  energy,  it  will  be  magnetically 
mirrored  and  return  to  the  electron  beam-resonator  interaction  region.  Thus,  it  is  possible 
to  build  up  a  volume  of  space  charge  near  the  interaction  region  which  would  affect  both 
the  interaction  and  the  propagation  of  the  electron  beam  itself.  Therefore,  it  is  desirable 
to  minimize  the  separation  of  the  magnet  coils. 

The  minimum  necessary  diameter  of  the  crossbore  is  set  by  the  envelope  of  the  radiation 
of  the  TEMqo  mode  in  the  resonator.  The  fields  in  this  mode  are  Gaussian  and  fall  to  1/e 
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of  their  axial  value  in  a  distance 


where  y  is  the  distance  from  the  axis  of  the  magnetic  field.  To  ensure  that  the  crossbore 
structure  does  not  interfere  with  the  radiation,  it  should  have  an  inner  diameter  of  ~  6w(y). 

A  similar  restriction  may  be  placed  on  the  axial  bore,  which  must  be  large  enough  to 
allow  the  electron  beam  to  pass  from  the  electron  gun  through  the  interaction  region  and 
into  the  collector.  The  variation  of  the  electron  beam  guiding  center  radius  (re(z))  with 
position  along  the  magnetic  axis  is  given  for  a  cylindrical  MIG-type  electron  gun  by 

D  I1/2 

r'w“r‘tBoi)]  (21) 

where  B(z)  is  the  magnetic  field  at  position  z  along  the  magnetic  field  axis,  rc  is  the 
cathode  radius,  and  Bc  is  the  cathode  magnetic  field.  The  width  of  a  sheet  beam  would 
vary  linearly  with  magnetic  field  in  a  configuration  with  planar  geometry.  It  is  evident 
from  these  equations  that  both  the  axial  bore  and  the  crossbore  may  be  tapered,  with  their 
diameters  increasing  with  distance  from  the  interaction  region. 

To  maximize  the  space  available  in  the  crossbore,  a  cold-bore  magnet  in  which  the  elec¬ 
tron  beam  shares  a  common  vacuum  enclosure  with  the  superconducting  magnet  dewar  is 
necessary.  This  prevents  the  implementation  of  the  usual  CW  gyrotron  assembly  procedure 
of  sealing  and  conditioning  the  electron  gun  and  microwave  circuit  prior  to  insertion  in  the 
magnet  bore.  Instead,  critical  components  such  as  the  gun,  collector,  and  mirrors  must 
be  baked-out  prior  to  assembly  to  the  system.  This  procedure  has  been  successfully  used 
in  high  average  power  RF- accelerators  but  requires  considerable  care  since  clean  surfaces 
are  critical  for  CW  operation.  An  advantage  of  the  cold-bore  magnet  configuration  is  that 
the  cold  surfaces  of  the  dewar  act  as  a  powerful  vacuum  pump;  however,  further  work  is 
needed  on  assembly  and  conditioning  techniques  for  ultra-clean  cold- bore  systems.  The 
dissipation  of  small  amounts  of  RF  power  which  may  leak  into  the  magnet  bore  is  another 
area  of  concern  because  the  inner  surfaces  of  the  bore  are  inherently  thermally  isolated. 

One  approach  is  to  insert  a  piece  of  RF  absorber  into  the  bore  to  act  as  a  load  using  the 
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same  principle  as  a  microwave  oven.  Since  the  walls  of  the  bore  are  cold  and  have  a  good 
surface  finish,  they  axe  highly  reflective  and  will  direct  most  of  the  RF  power  leaking  into 
the  bore  to  the  absorber. 


1LH.  Harmonic  Operation 

As  the  operating  frequency  (and  thus  the  magnetic  field)  of  the  gyrotron  is  raised,  mag¬ 
net  design  becomes  more  difficult  and  eventually  impossible.  At  this  point  operation  of  the 
resonator  at  a  harmonic  of  the  fundamental  is  desirable.  Presently,  magnets  allowing  op¬ 
eration  in  the  fundamental  mode  axe  potentially  available  for  frequencies  up  to  ~280  GHz, 
but  frequencies  approaching  560  GHz  will  necessarily  involve  devices  operating  in  at  least 
the  second  harmonic. 

Harmonic  operation  of  cavity  and  quasi-optical  gyrotrons  has  been  studied  by  several 
investigators^6,17,19*  who  have  found  that,  in  general,  the  efficiency  of  operation  at  the  second 
harmonic  can  approach  that  of  the  fundamental.  The  problem  that  must  be  overcome  is 
the  suppression  of  the  fundamental  mode  while  allowing  the  second  harmonic  fields  to  grow 
to  the  large  amplitudes  necessary  for  efficient  operation.  The  easiest  method  available  is 
simply  to  take  advantage  of  the  optical  characteristics  of  the  resonator  modes  which  have 
a  waist  radius  dependent  on  the  radiation  wavelength  as  shown  in  Eq.  (1).  Assuming  a 
particular  mirror  configuration  and  a  purely  Gaussian  mode  at  the  resonator  mirrors,  the 
output  couplings  of  harmonics  m  and  n  are  related  by: 


(22) 


and  the  normalized  interaction  lengths  are  related  by: 


Mm 

Mn 


(-3) 


These  relationships  favor  the  harmonic  interactions  but  they  are  compensated  by  the  fact 
that  the  harmonic  interactions  become  increasingly  weaker  with  increasing  harmonic  num¬ 
ber  (for  weakly  relativistic  electron  beams).  The  ratio  of  minimum  starting  currents  for 
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different  harmonic  interactions  in  a  resonator  is  given  within  an  accuracy  of  about  20%  by: 


As  an  example,  consider  a  QOG  with  an  80  kV,  a  =  1.5  electron  beam  and  =  10% 
diffractive  output  coupling  for  the  fundamental  harmonic  interaction.  Then,  from  Eq.  (22) 
the  output  coupling  for  the  second  harmonic  is  T2  =  1%,  and  I^/I^  =  2.5,  i.e.,  the 
starting  current  for  the  fundamental  harmonic  is  a  factor  of  two  higher  chan  that  of  the 
second  harmonic  interaction.  Thus,  harmonic  operation  appears  feasible  at  currents  near 
the  oscillation  threshold,  but  additional  means  of  suppressing  oscillation  in  the  fundamental 
mode  may  be  needed  for  high-efficiency  harmonic  operation  since  this  requires  currents 
many  times  higher  than  the  threshold  current.  One  possibility  is  to  replace  one  of  the 
mirrors  by  a  grating  designed  to  reflect  only  the  harmonic  frequency  of  interest.  Operation 
in  the  gyroklystrou  mode  through  the  addition  of  a  prebunching  resonator  may  also  stabilize 
operation  in  the  second  harmonic.  This  scheme  may  utilize  either  an  injected  external  signal 
or  a  portion  of  the  output  radiation  that  has  been  filtered  to  pass  only  the  desired  frequency. 


II.I.  Space-charge  Effects 


In  the  QOG  the  electron  beam  experiences  space-charge  effects  in  the  drift-tube  between 
the  gun  and  the  resonator  and  in  the  open  region  between  the  end  of  the  beam  drift-tube 
and  the  collector.  An  estimate  for  the  space-charge  limited  current  for  an  annular  beam  in 
the  drift-tube  iaf20*21-®) 

.1/31 3/2 


Iwmx  [A]  =  1.71  x  104- 
where  the  geometrical  factor  G  is  given  by: 
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and  depends  on  the  beam  radius  re  and  thickness  Ae,  and  the  drift-tube  wall  radius  Rd. 

The  space-charge  depression  of  the  beam  voltage  in  the  drift-tube  for  currents  less  than 
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/mu  is  given  by^20,21*: 

AKc  [V]  =  30-1-G  (re,  R*,  A.) .  (27) 

P||o 

For  a  thin  annular  beam  with  an  energy  of  80  keV,  a  =  1.5,  and  re  =  0.75 R^;  7™^  =  149  A. 
This  is  several  times  the  current  needed  for  a  megawatt  device.  The  voltage  depression 
when  the  current  is  50  A  is  AVK  =  3  kV.  Thus,  propagation  of  an  annular  beam  in  the  drift 
tube  does  not  appear  to  be  a  problem  for  a  MW  device  but  is  an  issue  for  multi- megawatt 
power  levels. 

Space-charge  effects  are  also  an  issue  for  beam  propagation  across  the  open  resonator. 
An  accurate  calculation  of  space-charge  depression  of  the  beam  in  the  region  between 
the  drift-tube  and  the  collector  involves  two-dimensional  effects,  but  a  simple  estimate 
for  the  space-charge  effects  in  this  region  can  be  obtained  from  the  above  equations  by 
replacing  the  drift-tube  wall  radius  in  Eqs.  (25)  and  (27)  by  half  the  separation  between 
the  drift-tube  and  the  collector.  Although  this  choice  is  somewhat  arbitrary,  and  should 
be  considered  a  temporary  replacement  for  more  accurate  calculations,  the  result  depends 
only  logarithmically  on  the  separation.  In  addition,  this  estimate  has  been  used  successfully 
to  interpret  experimental  results  as  discussed  in  Section  3.3.  The  collector  and  drift-tube 
are  separated  by  5  cm  and  the  beam  radius  is  0.6  cm  in  the  current  NRL  experiment  at 
120  GHz.  The  drift-tube-collector  separation  corresponds  to  two  radiation  waist  diameters. 
Cold  tests  have  shown  that  at  this  separation  the  presence  of  the  beam  guiding  structures 
has  no  measurable  effect  on  the  resonator  Q.  This  configuration  leads  to  a  space-charge- 
limited  current  in  the  resonator  of  ~  30  A  for  an  80  kV  beam  with  a  =  1.5  and  65  A  for 
a  beam  with  a  =  1.  It  is  clear  that  space  charge  limits  the  propagation  of  high  a  annular 
beams  in  the  resonator.  An  approach  to  neutralizing  space-charge  effects  in  the  resonator 
involving  the  application  of  a  positive  DC  potential  between  the  drift-tube  and  the  collector 
tip  is  under  investigation  at  NRL  (see  Section  V.). 


II. J.  Depressed  Collector 


The  space-charge  limitation  on  the  propagation  of  electron  beams  with  high  values  of  a 
in  the  QOG  resonator  results  in  a  reduction  of  the  electronic  efficiency  obtainable  at  high 
beam  powers,  as  can  be  seen  from  Eq.  (12).  However,  the  beam  energy  that  is  transferred  to 
the  radiation  is  extracted  mainly  from  the  electron  motion  perpendicular  to  the  magnetic 
field,  while  the  presence  of  the  space  charge  affects  the  electron  motion  parallel  to  the 
magnetic  field.  Since  the  parallel  energy  of  the  electrons  is  relatively  unaffected  by  the 
beam-wave  interaction,  it  may  be  reclaimed  by  biasing  the  collector  to  a  depressed  voltage. 
Indeed,  as  the  electrons  travel  into  the  collector,  the  magnetic  field  decreases,  resulting  in 
most  of  the  electron’s  residual  perpendicular  energy  being  converted  into  parallel  energy 
(via  adiabatic  decompression),  yielding  more  energy  available  for  recovery  by  a  depressed 
collector.  Thus,  the  output  efficiency  may  be  increased  by  at  least  the  initial  ratio  of 
parallel  to  perpendicular  energy  of  the  beam.  For  example,  the  output  efficiency  could  be 
double  the  electronic  efficiency  by  simply  recovering  the  parallel  energy  in  an  a  =  1  beam. 

Depressed  collectors  have  been  proposed  for  use  in  gyrotrons  and  gyroklystrons.(22>  The 
QOG  is  ideally  suited  to  the  incorporation  of  a  depressed  collector  due  to  the  natural 
separation  of  the  electron  beam  from  the  RF  system.  Application  of  a  depressed  collector 
to  a  conventional  gyrotron,  on  the  other  hand,  must  first  address  the  difficult  problem 
of  separating  the  radiation  from  the  electron  beam  without  excessive  losses  and  while 
maintaining  high  output  RF  mode  purity. 

II.K.  Sheet  Beam  Electron  Gun 

To  date,  all  QOG  experiments  have  utilized  the  annular  electron  beams  produced  by 
MIG-type  guns.  Methods  used  to  design  these  electron  guns  are  well  developed  and  under¬ 
stood,  due  in  part  to  the  problem  being  two-dimensional.  Annular  beams  are  not  ideally 
suited  to  the  QOG;  however,  the  QOG  is  relatively  insensitive  to  many  of  the  electron 
beam  parameters.  The  QOG  is,  of  course,  sensitive  to  the  perpendicular  momentum  of  the 
electrons,  since  that  is  where  the  RF  energy  is  mainly  derived,  but  it  is  not  very  sensitive 

18 


to  spreads  in  the  parallel  momentum  of  the  electrons  due  to  the  fact  that  the  RF  fields 
propagate  in  a  direction  normal  to  the  direction  of  electron  beam  propagation. 

Since  the  QOG  electron  beam-RF  wave  interaction  is  averaged  over  more  than  a  half 
wavelength  of  the  standing  wave  pattern  in  the  resonator,  the  interaction  is  necessarily 
insensitive  to  the  electron  beam  thickness  and  diameter,  provided  the  diameter  is  somewhat 
smaller  than  the  radiation  beam  waist  diameter.  This  is  a  fundamental  limitation  on  the  use 
of  annular  beams  in  the  QOG  since  the  radiation  waist  diameter  is  effectively  proportional 
to  the  wavelength  of  the  radiation.  However,  the  diameter  of  an  annular  beam  has  been 
shown^33)  to  scale  as  the  cube  root  of  the  wavelength.  Thus,  it  becomes  progressively 
more  difficult  to  keep  the  electron  beam  diameter  small  compared  to  the  radiation  waist 
as  the  operating  frequency  is  increased.  Space-charge  effects  associated  with  propagation 
in  the  open  resonator  place  a  second  limitation  on  the  use  of  annular  beams  in  high-power, 
high-frequency  devices,  as  described  in  Section  II.I. 

The  solution  to  these  limitations  is  to  use  a  sheet  electron  beam.  Such  a  beam  can 
overcome  the  space  charge  problem  by  spreading  the  current  over  a  length  of  the  resonator 
axis  much  larger  than  the  radiation  waist.  This  is  possible  since  the  Rayleigh  length  is  large 
in  the  QOG’s  designed  for  low  mirror  loading.  The  cross  section  of  a  double  sheet  beam  is 
shown  in  Figure  1.  The  double  sheet  beam  appears  advantageous  because  of  its  reflection 
symmetry  with  respect  to  the  y  —  z  plane,  strong  correlation  with  the  cylindrical  MIG-tvpe 
gun,  and  its  effective  doubling  of  the  total  current  for  a  given  transverse  dimension.  Design 
tradeoff  equations  for  planar  MIG-type  guns  showing  the  feasibility  of  generating  a  sheet 
electron  beam  for  the  QOG  have  been  developed  by  Manheimer  et  al.(23)  The  design  of 
sheet  beam  electron  guns  for  the  QOG  has  also  been  investigated  by  Read  et  al.(24) 

The  major  drawback  to  the  development  of  a  sheet  electron  beam  has  been  that  the 
problem  is  inherently  three-dimensional.  The  design  approach  which  has  been  adopted  at 
NRL-23)  involves  analyzing  the  beam  in  two-dimensional  planar  geometry  and  then  cor¬ 
recting  for  edge  effects.  This  allows  a  prescription  to  be  developed  for  obtaining  a  laminar 
flow  beam  -  a  desirable  property  for  minimizing  beam  velocity  spread  -  based  on  a  planar 
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MIG-type  gun  geometry.  The  basic  configuration  of  the  gun  is  shown  in  Figure  6.  The 
gun  is  symmetric  with  respect  to  the  gun  axis  in  the  figure.  Good  approximations  to  the 
electrode  shapes  needed  to  obtain  a  laminar  flow  beam  are  obtained  by  the  electrode  syn¬ 
thesis  approach/23'  Two  types  of  synthesized  electrodes  can  be  used.  The  main  electrodes 
which  control  the  flow  of  the  body  of  the  beam  are  synthesized  for  a  planar,  relativistic, 
temperature- limited  flow  beam/23’25'  This  type  of  synthesis  is  analogous  to  the  electrode 
synthesis  approach  for  cylindrical  MIG  guns/26,27'  The  design  of  these  electrodes  can  be 
refined  using  the  Herrmannsfeldt  Electron  Trajectory  Code/28' 

The  synthesis  method  can  also  be  used  to  design  electrodes  which  compensate  for  beam 
edge  effects/23'  Near  the  beam  there  is  an  electric  field  in  the  y-direction  due  to  space 
charge.  This  field  causes  an  E  x  B  drift  in  the  x-direction  for  electrons  near  the  beam  edge. 
The  beam  edge  with  positive  y  will  drift  up  and  the  beam  edge  with  negative  y  will  drift 
down,  so  the  beam  edges  will  tend  to  curl  in  opposite  directions  as  the  beam  propagates. 
The  synthesis  method  solves  for  the  positions  and  potentials  of  focusing  electrodes  near  the 
beam  edge.  These  electrodes  insure  that  the  electrons  near  the  edge  of  the  beam  see  the 
same  fields  as  for  an  inifinitely  extended  beam. 

Magnet  design  is  more  complicated  for  a  sheet  beam  gun  than  for  cylindrical  guns.  The 
main  superconducting  coils  at  the  crossbore  are  circular  and  produce  a  roughly  uniform 
field  in  the  beam  intersection  region  of  the  crossbore,  and  can  be  viewed  as  having  either 
planar  or  cylindrical  symmetry.  The  fringe  fields  have  cylindrical  symmetry,  however,  the 
beam  compression  region  is  assumed  to  have  planar  symmetry.  This  means  a  complicated 
three-dimensional  design  for  the  trim  magnets  in  order  to  compensate  as  much  as  possible 
for  the  fringe  fields  of  the  main  magnet.  Fortunately,  computer  codes  which  can  be  used 
to  design  arbitrary  3-D  magnet  systems  have  been  developed  and  are  available. (29) 

ILL.  Output  Coupling  Schemes 

Efficient  transportation  of  the  output  radiation  of  an  RF  source  is  important  for  most 
applications  and  is  essential  for  plasma  heating  due  to  the  large  path  length  between  the 
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source  and  the  plasma.  At  the  frequencies  of  interest,  this  transportation  is  most  often 
accomplished  via  a  quasi-optical  transport  system.  The  QOG  is  naturally  matched  to  such 
a  system,  requiring  only  that  the  radiation  be  extracted  from  the  vacuum  of  the  resonator 
in  the  event  that  a  windowless  design  is  undesirable.  To  take  advantage  of  the  frequency 
tunability  of  the  QOG,  this  requires  a  wide  bandwidth  (±  20%)  window  design.  Short 
pulse  experiments  at  NRL^  have  utilized  thin  (i  <  0.1  A)  mylar  windows,  but  it  is  unclear 
how  well  the  window  will  withstand  the  stresses  of  CW  operation.  However,  the  output 
radiation  of  the  QOG  is  naturally  expanding  as  it  emerges  from  the  resonator,  so  that  the 
power  density  at  the  window  could  (at  least  in  principle)  be  reduced  to  very  low  values. 

A  conceptual  design  of  an  output  coupling  scheme  that  converts  the  QOG  output  into 
a  hollow,  parallel  beam  is  shown  in  Figure  7.  For  reflectors  located  at  distances  greater 
than  the  Rayleigh  length 

r0  =  i(d(2JRc-d))1/2  (28) 

from  the  resonator  waist,  the  radiation  appears  to  have  originated  from  a  point  source 
at  the  center  of  the  radiation  waist,  and  ray  optics  may  be  used  to  analyze  the  reflected 
waves.  This  approach  clearly  ignores  diffraction  effects  which  should  be  included  in  a  more 
exact  analysis,  but  does  aid  in  understanding  the  basic  design.  Thus,  the  output  coupling 
structure  of  Figure  7  may  be  understood  as  follows.  The  radiation  that  is  diffracted  out 
of  the  resonator  is  incident  upon  an  elliptical  reflector  that  has  one  focus  at  the  center  of 
the  resonator  (the  point  source  of  the  output  radiation),  and  the  other  focus  somewhere 
outside  the  vacuum  window.  The  radiation  is  reflected  by  the  elliptical  mirror  through  the 
vacuum  window  and  focused  outside  the  vacuum.  This  focus  is  also  a  focus  of  the  second 
reflector  which  has  a  parabolic  shape.  Therefore,  the  rays  now  emerging  from  the  focus  of 
the  parabolic  reflector  are  reflected  to  form  a  parallel  beam. 

Several  points  are  worth  noting  in  this  design.  First.  RF  power  density  at  the  vacuum 
window  may  be  reduced  simply  by  expanding  the  diameter  of  the  elliptical  reflector.  Second, 
the  parallel  beam  emerging  from  the  parabolic  reflector  will  be  hollow  in  the  ray  optic  limit, 
but  diffraction  effects  may  be  expected  to  fill  in  the  beam  as  shown  schematically  in  the 
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figure.  Also,  since  the  total  output  from  one  mirror  is  focused  to  a  point  outside  the 
vacuum,  steps  may  be  necessary  to  prevent  breakdown  of  the  atmosphere  there.  Finally, 
this  design  is  presented  here  as  an  example;  several  other  designs  are  possible  and  may  be 
better  suited  for  a  given  situation. 


III.  Experimental  Results 


The  QOG  is  currently  under  investigation  by  several  different  groups.  The  first  QOG 
experiment  was  carried  out  in  1984  by  Hargreaves  et  al.(9*  at  NRL  and  used  a  resonator 
with  a  4-cm  mirror  separation.  Consistent  with  the  relatively  low  axial  mode  density  of 
this  resonator,  single-mode  operation  was  observed  at  powers  up  to  80  kW  at  a  frequency 
of  110  GHz  and  an  efficiency  of  11%.  The  first  experiment  with  large  mirror  separation 
(81  cm)  was  also  conducted  at  NRL  in  1986  by  Read  et  alJ30*  and  achieved  an  output 
power  of  50  kW  at  a  frequency  of  115  GHz  and  an  efficiency  of  7%.  Alternate  resonator 
configurations  have  been  proposed  and  analyzed  by  Zhonghai,  Shenggang  and  Kongyi  of  the 
People’s  Republic  of  China, (31'32)  and  an  experimental  study  of  different  output  structures 
has  been  performed  by  Morse  and  PyW33)  Itoh  et  al.  have  utilized  yet  another  resonator 
design  to  produce  20  kW  of  RF  power  at  an  efficiency  of  16%  and  a  frequency  of  120  GHzd34* 
This  experiment  utilized  a  relatively  low-power  electron  beam  [V  =  30  kV,  I  =  3.5  A). 
Experiments  similar  to  those  described  here  are  being  performed  by  Tran  et  al.(35)  With 
limited  experimental  time,  powers  and  efficiencies  as  high  as  85  kW  and  10%  have  been 
observed  from  a  resonator  with  a  mirror  separation  of  34  cm. 

A  consequence  of  the  use  of  a  spherical  mirror  resonator  with  diffraction  output  coupling 
is  that  the  output  coupling  can  be  a  sensitive  function  of  the  mirror  separation  while  the 
gyrotron  interaction  length,  which  depends  on  the  radiation  beam  waist,  remains  approxi¬ 
mately  constant.  This  feature  has  been  exploited  for  the  first  time  in  a  recent  experiment 
at  NRL^10)  by  using  mirror  holders  which  are  adjustable  over  a  wide  range.  The  ability  to 
vary  the  separation  of  the  resonator  mirrors  from  20  to  28  cm  allowed  the  resonator  out¬ 
put  coupling  to  be  optimized  with  respect  to  the  electron  beam  power.  It  also  permitted 
new  tests  of  the  gyrotron  scaling  theory.  The  coupling  of  the  annular  electron  beam  to 
the  standing-wave  radiation  in  the  resonator  could  be  varied  by  translating  the  resonator 
transversely  to  the  electron  beam.  Finally,  precise  mirror  alignment  -  needed  for  optimum 
resonator  Q  -  was  easily  maintained. 

This  section  presents  results  from  a  thorough  and  extensive  experimental  study  of  the 


first  QOG  to  operate  at  powers  over  100  kW  using  a  CW-relevant  resonator.  The  QOG 
was  tunable  from  95-130  GHz  and  operated  at  powers  up  to  148  kW  and  output  efficiencies 
up  to  12%.  The  peak  electronic  efficiency  is  estimated  to  be  16  ±  2%.  The  main  effect 
responsible  for  the  difference  between  the  output  and  electronic  efficiency  is  ohmic  heating 
of  the  mirrors  which  can  be  a  significant  fraction  of  the  total  output  at  low  output  coupling. 
This  effect  becomes  small  at  MW  output  power  levels  due  to  larger  output  coupling.  Single¬ 
mode  operation  was  observed  at  powers  up  to  125  kW.  Conditions  for  single- mode  operation 
in  the  highly  overmoded  system  have  been  characterized  and  compared  with  theoretical 
predictions.  Efficiency  optimization  by  variation  of  output  coupling  and  by  tapering  the 
magnetic  field  have  been  demonstrated.  These  results  point  the  way  to  the  realization  of 
megawatt  level  devices  with  output  efficiencies  of  ~20%. 

A  schematic  diagram  of  the  experiment  is  shown  in  Figure  8.  The  gyrating  electron 
beam  is  generated  by  the  MIG-type  electron  gun  at  the  bottom  of  the  superconducting 
magnet  and  propagates  up  through  the  drift-tube  and  resonator  before  being  absorbed  in 
the  collector.  The  microwave  fields  interant  with  the  electron  beam  between  the  collector 
and  drift-tube  where  electrostatic  space  charge  depression  can  affect  the  beam  electrons’ 
energy.  The  microwave  power  diffracted  around  each  mirror  is  collected  as  output  and  prop¬ 
agated  through  thin  (0.013  cm  thick)  mylar  windows  out  of  the  vacuum.  These  windows 
are  essentially  transparent  over  the  frequency  range  of  the  experiment.  The  parameters  of 
the  experiment  are  presented  in  Table  I. 

III.A.  Multimode  Power  and  Efficiency  Measurements 

Output  power  measurements  were  earned  out  as  a  function  of  beam  current  and  mirror 
separation.  A  preliminary  investigation  of  output  power  and  efficiency  showed  that  for 
currents  less  than  8  A,  output  power  was  a  decreasing  function  of  mirror  separation.  Power 
measurements  for  a  gun  voltage  of  66.7  kV  and  a  current  of  8  A  at  three  mirror  separations 
are  shown  by  the  solid  square  data  points  in  Figure  9.  Consequently,  initial  power  and 
efficiency  measurements  were  taken  at  the  minimum  mirror  separation  of  20  cm.  This 


minimizes  the  output  coupling  and  so  leads  to  the  optimum  saturated  efficiency  at  the 
lowest  current  where  beam  quality  should  be  highest.  Mirror  alignment  and  translation 
were  optimized  by  minimizing  the  threshold  current  for  a  magnetic  field  of  50  kG  and 
a  beam  voltage  of  66.7  kV.  A  minimum  threshold  current  of  0.25  A  at  a  frequency  of 
125.8  GHz  was  obtained.  For  these  conditions  the  calculated  total  resonator  Q  factor  is 
215,000,  and  the  theoretical  minimum  threshold  current  for  a  =  1.5  is  0.10  A,  less  them 
half  the  measured  value.  This  discrepancy  suggests  that  the  experimental  resonator  Q 
factor  may  be  ~  80,000,  however,  the  calculated  minimum  threshold  current  depends  on 
a  which  is  not  well  characterized  in  the  experiment.  Using  the  Q  value  inferred  from  the 
threshold  measurement  and  the  theoretical  ohmic  Q  leads  to  an  estimate  of  the  diffraction 
Q  of  96,000.  The  calculated  diffraction  Q  is  395,000. 

The  output  power  was  obtained  by  multiplying  the  calorimeter  power  measurement 
by  two,  dividing  by  the  repetition  rate  and  the  pulse  width,  and  correcting  for  the  ab¬ 
sorption  efficiency  of  the  calorimeter.  The  radiation  pulse  width  was  found  (to  a  good 
approximation)  to  be  equal  to  the  beam  voltage  flat-top  pulse  width  of  13  jusec  under  most 
conditions,  and  this  pulse  width  was  used  in  the  peak  power  calculation.  The  power  output 
through  the  two  windows  was  checked  and  found  to  be  equal  within  measurement  accuracy. 
The  calorimeter  absorptivity  was  measured  to  be  94%  at  120  GHz  and  to  decrease  with 
decreasing  frequency  to  ~60%  at  90  GHz. 

The  output  power  as  a  function  of  beam  current  is  shown  in  Figure  10  for  magnetic  fields 
of  44,  47  and  50  kG  and  a  constant  gun  voltage  of  71.5  kV.  A  calorimeter  efficiency  of  95% 
was  used  in  the  output  power  computations  for  the  magnetic  fields  of  47  and  50  kG,  and 
an  efficiency  of  88%  was  used  for  the  44  kG  results.  The  corresponding  output  efficiency 
is  shown  in  Figure  11.  The  observed  maximum  output  efficiencies  for  these  magnetic  fields 
and  conditions  was  12%  at  50  kG,  11.9%  at  47  kG,  and  11%  at  44  kG.  In  obtaining  this  data 
no  attempt  was  made  to  promote  single-mode  operation  and,  consequently,  operation  was 
generally  multimoded.  Typical  multimode  frequency  spectra  are  shown  in  Figures  12(a)— 
(c).  The  spectra  correspond  to  magnetic  fields  of  44,  47  and  50  kG,  respectively,  and  a 
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gun  voltage  of  71.5  kV.  The  beam  current  in  Figures  12(a)  and  (c)  is  8  A  and  is  14  A  in 
Figure  12(b). 

To  obtain  the  electronic  efficiency  for  a  given  output  efficiency  it  is  necessary  to  correct 
for  ohmic  heating  losses  according  to 

Vei  =  (1  +  QdlQo)n<mt  (29) 

where  and  T)mt  are  the  electronic  and  output  efficiencies,  and  Qd  and  Q0  are  the  diffrac¬ 
tion  and  ohmic  quality  factors. 

As  discussed  above,  the  ratio  Qd/Q0  depends  sensitively  on  the  diffraction  Q  factor, 
which  has  not  been  directly  measured.  For  operation  at  50  kG,  Qd/Qo  =  0.2  based  on 
Qd  inferred  from  the  threshold  current  measurement,  whereas  Qd/Qo  =  0.84  based  on 
Qd  calculated  using  scalar  diffraction  theory.  The  corresponding  electronic  efficiencies  are 
plotted  as  functions  of  IQ/d  in  Figure  13.  Using  the  value  of  Qd  inferred  from  the  threshold 
current  measurement  leads  to  a  maximum  electronic  efficiency  of  14%;  using  the  value  of  Qd 
calculated  with  scalar  diffraction  theory  leads  to  a  maximum  electronic  efficiency  of  21%. 
The  figure  also  shows  theoretical  results  based  on  a  nonlinear,  multimode  simulation^4' 
using  parameters  corresponding  to  the  50  kG  data  and  assuming  o  =  1.  These  calculations 
yield  a  maximum  efficiency  of  17^7%.  The  theoretical  optimum  value  of  QI jd  ^  2.0  x  10° 
is  in  good  agreement  with  the  experimental  results  based  on  the  Q  factor  inferred  from  the 
threshold  current  measurement  but  not  with  the  results  obtained  using  the  theoretical  Q 
factor. 

The  electronic  efficiency  was  not  corrected  for  the  space-charge  depression  of  the  beam 
voltage,  because  the  free  energy  for  the  interaction  is  associated  mainly  with  the  transverse 
momentum  of  the  electrons  which  is  not  greatly  affected  by  the  presence  of  space-charge. 
However,  space-charge  does  limit  the  maximum  beam  power  which  can  be  propagated  in 
the  resonator  and  reduces  the  achievable  velocity  pitch  ratio. 

As  shown  in  Figure  11,  for  a  magnetic  field  of  50  kG  and  a  mirror  separation  of  20  cm. 
the  output  efficiency  decreases  as  the  current  is  increased  beyond  6  A.  This  effect  of  over¬ 
driving  the  resonator  is  well  known  from  cavity  gyrotrons.  Increased  power  and  efficiency 
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at  currents  above  6  A  can  be  obtained  in  the  QOG  by  increasing  the  output  coupling  by 
increasing  the  mirror  separation  until  the  optimum  RF  field  amplitude  is  re-established  in 
the  resonator.  This  effect  is  illustrated  by  the  solid  data  in  Figure  9  which  shows  output 
power  optimization  by  variation  of  the  mirror  separation  for  a  constant  beam  current  of 
13.5  A  and  a  constant  gun  voltage  of  71.5  kV. 

The  output  power  and  efficiency  as  a  function  of  beam  current  for  a  magnetic  field 
of  50  kG,  gun  voltage  in  the  range  71-75  kV,  and  beam  currents  up  to  24  A  are  shown 
in  Figure  14.  Operation  was  generally  multimoded  with  4-6  modes  being  excited.  The 
frequency  of  the  strongest  modes  was  ~  125  GHz.  The  data  indicated  by  the  squares 
corresponds  to  the  minimum  mirror  separation  of  20  cm  and  a  gun  voltage  of  71.5  kV.  The 
calculated  diffractive  output  coupling  at  this  separation  is  0.4%  for  125  GHz  radiation. 
The  data  indicated  by  the  triangles  and  dots  corresponds  to  a  mirror  separation  of  23  cm 
and  a  calculated  0.8%  diffraction  output  coupling.  The  highest  measured  power,  shown 
by  the  solid  dots,  was  148  kW  and  was  obtained  at  a  mirror  separation  of  23  cm,  a  beam 
voltage  and  current  of  78  kV  and  24  A,  and  a  negative  taper  in  the  magnetic  field  of  2% 
across  the  interaction  region.  This  current  is  estimated  to  be  near  the  space-charge  limit 
for  this  voltage  and  a  —  1.  No  evidence  of  oscillation  in  higher  order  transverse  modes  was 
observed  from  the  frequency  measurements  at  50  kG  or  other  magnetic  fields. 

III.B.  Frequency  Tuning  Measurements 

In  the  QOG  the  operating  frequency  is  approximately  17/ 7,  the  relativistic  electron 
cyclotron  frequency,  so  that  the  operating  frequency  can  be  tuned  by  varying  either  the 
magnetic  field  or  the  gun  voltage.  Figure  15  presents  frequency  and  power  measurements 
for  magnetic  fields  from  38  to  50  kG  with  fixed  gun  voltage  (66.7  kV)  and  current  (~  12  A). 
Operation  was  usually  multimoded  as  indicated  in  the  figure  which  shows  frequency  vari¬ 
ation  from  95  to  130  GHz.  Significantly,  the  power  varied  by  <  3  dB  for  this  frequency 
variation.  The  QOG  could  have  operated  at  still  lower  frequencies  (at  lower  magnetic 
fields),  but  such  frequencies  were  below  the  cutoff  frequency  of  the  waveguide  used  in  the 
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heterodyne  frequency  diagnostic. 

Frequency  variation  with  electron  gun  voltage  was  also  investigated.  Frequency  mea¬ 
surements  were  obtained  at  several  voltages  between  43  and  72  kV  for  a  magnetic  field 
of  50  kG  and  a  current  of  ~  10  A.  As  shown  in  Figure  16,  a  4%  frequency  increase  was 
measured  for  this  variation  in  gun  voltage.  A  disadvantage  of  this  method  of  frequency 
tuning  is  that  the  power  scales  strongly  with  voltage  and  decreased  from  70  to  25  kW  as 
the  voltage  was  decreased. 

III.C.  Studies  of  Near- Single- Mode  Operation 

Since  the  longitudinal  mode  density  of  the  QOG  resonator  is  high,  it  might  be  expected 
that  the  device  is  inherently  multimoded,  but  this  is  not  the  case.  The  operating  parameter 
space  was  characterised  by  regions  of  stable,  single-mode  or  near-single-mode  operation. 
Single-mode  operation  was  most  common  at  lower  output  powers  but  was  also  observed 
at  powers  up  to  125  kW.  At  a  current  near  threshold,  the  single  mode  having  the  highest 
growth  rate  can  be  excited.  It  was  found  that  if  the  current  was  then  increased,  holding  the 
magnetic  field  and  gun  voltage  fixed,  the  resonator  would  oscillate  in  a  sequence  of  higher 
frequency  modes  as  shown  in  Figure  17.  The  data  plotted  in  this  figure  was  obtained  for 
a  gun  voltage  of  71.5  kV,  a  mirror  separation  of  23  cm,  and  a  magnetic  field  of  47  kG  in 
the  middle  of  the  interaction  region.  The  magnetic  field  had  a  negative  2%  taper  across 
the  interaction  region.  Alternatively,  it  was  possible  to  vary  the  voltage  while  increasing 
the  current  (keeping  the  magnetic  field  fixed)  so  as  to  maintain  single-mode  operation 
in  the  mode  initially  excited.  Figure  18  shows  a  region  of  single-mode  operation  in  V- 
I  space  obtained  using  the  latter  procedure.  An  untapered  magnetic  field  of  47  kG  was 
used  to  obtain  this  data  at  an  operating  frequency  of  119  GHz.  The  area  of  single- mode 
operation  is  denoted  approximately  by  the  line  thickness;  voltage  changes  of  —  0.5  kV  led 
to  observable  changes  in  the  mode  spectrum.  The  maximum  power  of  the  data  in  this 
figure  is  55  kW.  Figure  19  shows  the  output  power  obtained  during  single-mode  or  near¬ 
single-mode  operation  for  mirror  separations  of  23,  25.5  and  28  cm.  The  magnetic  field  was 
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47  kG  and  the  oscillation  frequency  was  119-120  GHz  in  all  cases.  Here,  output  powers  as 
high  as  125  kW  were  obtained  while  maintaining  nearly-single-mode  operation.  At  least 
90%  of  the  output  power  was  in  a  single  mode  with  most  of  the  remaining  power  in  the 
two  adjacent  modes.  Relative  mode  power  was  measured  using  the  amplitude  response  of 
the  heterodyne  frequency  diagnostic. 

As  the  current  was  increased  above  threshold,  it  was  found  that  single- mode  operation 
corresponded  to  progressively  higher  resonance  frequency  mismatches  (u  —  f2c/-y).  Fig¬ 
ure  20(a)  shows  frequency  mismatch  un corrected  for  the  space-charge  effect  versus  the 
beam  current  normalized  to  the  oscillation  threshold  current  for  the  data  shown  in  Fig¬ 
ure  19.  Figure  20(b)  shows  the  frequency  mismatch  obtained  by  correcting  the  electron 
cyclotron  frequency  for  space-charge  depression  of  the  beam  as  discussed  in  Section  II.I. 

To  compare  the  theoretically  predicted  stable,  single-mode  operating  regime*7*  with  the 
experimental  data,  it  is  convenient  to  express  the  data  in  terms  of  the  normalized  RF 
electric  field  amplitude,  €,  and  the  kinematic  phase-slip  parameter  for  the  interaction,  S 
defined  in  Eqs.  (15)  and  (16).  An  advantage  of  these  new  parameters  is  their  relative 
insensitivity  to  a ,  which  is  not  well  determined  in  the  experiment.  Theoretically,  the  stable 
operating  regime  for  a  fixed  n  corresponds  to  an  area  in  6-0  space.  Uncertainty  in  the 
beam  velocity  pitch  ratio  a  leads  to  a  range  of  possible  p  values  from  5-10.  The  region  of 
stable  single-mode  operation  predicted  by  theory  corresponds  to  the  area  bounded  by  the 
solid  curves  in  Figures  21(a)  and  (b)  which  were  obtained  assuming  a  =  0.65  (/r  =  5)  and 
a  =  1  (/i  =  10),  respectively.  These  plots  were  made  for  an  annular  beam  of  radius  1.6  mm 
centered  on  the  electric  field  maximum  of  the  equilibrium  mode.  Equilibria  with  values  of 
6 , 6  outside  the  stable  region  are  unstable  with  respect  to  the  growth  of  neighboring  modes 
(sidebands).  The  use  of  an  annular  beam  configuration  has  an  important  effect  on  the  size 
and  shape  of  the  stability  boundary.*7*  In  particular,  the  stable  region  for  an  annular  beam 
is  much  smaller  than  that  for  a  pencil  beam.  This  reduction  occurs  because,  unlike  the 
pencil  beam,  an  annular  beam  couples  to  both  the  odd  and  even  symmetry  modes  of  the 
resonator.  If  beam-RF  coupling  is  optimized  for  the  desired  operating  mode,  coupling 
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to  the  two  adjacent  modes,  which  have  opposite  symmetry,  will  be  weaker.  The  weaker 
coupling  of  the  principal  competing  modes  inhibits  saturation  of  their  gain  by  the  main 
mode,  an  important  factor  in  determining  the  region  of  stable  operation.  Comparison 
of  the  Figures  21(a)  and  (b)  shows  that  the  predicted  stable  area  is  smaller  for  y  =  10 
than  for  y  =  5.  The  reduction  in  stable  region  with  increase  in  y  is  a  general  feature 
of  the  theory  for  both  pencil  and  annular  beams.  The  experimental  single-mode  data  for 
mirror  separations  of  23,  25.5  and  28  cm,  assuming  either  a  =  0.65  or  1,  is  also  shown  in 
Figures  21(a)  and  (b).  The  data  indicates  single-mode  operation  occurs  for  €  <  2.  This  is 
consistent  with  the  theoretical  results  for  y  =  5  but  not  y  =  10.  However,  nonlinear,  time 
dependent,  multimode  simulations  for  p  =  10  show  that  the  unstable  sidebands  saturate 
at  a  sufficiently  low  level  that  the  resulting  equilibrium  appears  single-moded  within  the 
resolution  of  the  experimental  data  (90%  of  power  in  main  mode).  Thus,  the  theoretical 
results  regarding  single- mode  operation  are  not  inconsistent  with  a  value  of  y  =  10  (a  =  1) 
in  the  experiment.  The  experimental  data  is  primarily  limited  to  the  lower  halves  of  the 
stable  regions,  whereas  theory  predicts  that  all  points  should  be  accessible.  Simulations 
modeling  the  finite  rise  time  of  the  voltage  pulse  indicate  that  this  is  not  a  factor  which 
limits  the  accessible  region.  The  inability  to  tune  the  gyrotron  within  the  stable  region 
without  loss  of  single- modedness  is  not  understood,  but  may  be  related  to  the  4%  ripple  of 
the  voltage  pulse  which  corresponds  to  a  variation  in  the  detuning  parameter  6. 

The  measured  electronic  efficiency  corrected  for  ohmic  effects  is  compared  in  Fig¬ 
ures  22(a)  and  (b)  with  the  theoretical  annular  beam  single-mode  efficiency  for  y  =  5 
and  10  and  using  the  measured  detuning.  The  agreement  is  much  better  for  y  =  5  than  10. 
The  calculated  efficiency  for  y  =  10  is  about  60%  greater  than  the  measured  efficiency.  In 
addition,  the  calculated  efficiency  peaks  at  a  value  of  €  lower  than  that  suggested  by  the 
data.  The  calculated  efficiency  for  y  =  5  (a  =  0.65)  is  in  better  agreement  with  the  data 
both  in  maximum  value  and  dependence  on  6. 
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IV.  Cold  Test  Studies 


The  quality  factor  of  a  resonator  relates  the  energy  stored  in  a  resonator  to  the  res¬ 
onator’s  various  losses.  The  Q  for  a  Fabry-Perot-type  resonator  can  be  very  large,  with 
quality  factors  on  the  order  of  100,000  being  typical  for  resonators  used  in  recent  experi¬ 
ments  at  NRL.  Since  the  balance  between  ohmic  effects  and  diffraction  is  very  important 
in  the  QOG,  detailed  experimental  studies  have  been  performed  at  NRL.(36) 

Fabry-Perot  resonators  have  been  used  for  several  years  to  measure  the  microwave 
properties  of  solids,  liquids,  and  gasses  For  permittivity  and  loss  measurements,  the 
design  goal  is  to  make  the  Q  as  large  as  possible.  This  is  accomplished  by  making  the 
resonator  mirror  diameters  large  so  that  diffraction  losses  are  negligible.  Energy  is  typically 
coupled  into  the  resonator  through  coupling  holes  in  one  of  the  mirrors  or  by  means  of  a 
dielectric  beam  splitter. 

Meaningful,  nonperturbing  cold  tests  of  gyrotron  cavities  are  difficult  to  perform  in 
practice.  Most  cold-test  schemes  involve  drilling  coupling  holes  into  the  resonator  walls, (38) 
which  may  perturb  the  resonator  mode  severely.  It  is  also  often  difficult  to  couple  efficiently 
to  the  mode  of  interest,  which  is  frequently  a  high-order  mode.  VVoskoboinikow  et 
utilized  a  nonperturbing  method  in  which  they  radiated  their  conventional  gyrotron  cavities 
in  the  far  field  and  analyzed  the  reflected  signal.  This  technique  also  has  the  advantage 
of  being  nondestructive  to  the  gyrotron  cavity,  allowing  cold  testing  of  the  identical  cavity 
used  in  the  hot  test.  It  is  difficult  to  test  a  QOG  resonator  with  this  technique  due  to  the 
small  amount  of  energy  that  is  coupled  into  the  desired  resonator  mode. 

In  the  QOG  the  resonator  operates  in  the  fundamental  Gaussian  mode  making  coupling 
to  the  correct  mode  relatively  easy.  The  NRL  experiments  used  the  method  of  Perrenoud 
et  al.^40)  where  a  small  hole  through  the  center  of  one  of  the  resonator  mirrors  was  used  to 
couple  energy  into  the  resonator,  with  part  of  the  power  diffracted  around  the  outside  edge 
of  the  mirror  being  collected  by  a  standard  gain  horn  as  outptut.  This  technique  has  the 
advantage  that  there  is  little  background  radiation  to  affect  the  measurement,  increasing 
its  accuracy.  Extensive  measurements  were  made  of  the  variation  of  resonator  Q  with 
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separation.  Several  cavities  were  studied,  and  good  agreement  was  obtained  between  the 
measured  values  and  calculations  based  on  scalar  diffraction  theory.  The  effect  of  slightly 
misaligning  the  resonator  mirrors  was  also  examined. 


IV.A.  Quasi-Optical  Resonators 


The  Q  of  a  Fabry- Perot- type  resonator  can  be  written 

H  XT 


(30) 


where  T  is  the  fractional  round-trip  loss.  In  practice,  this  loss  factor  includes  losses  due  to 
ohmic  and  diffraction  effects  as  well  as  losses  due  to  any  coupling  holes.  All  three  of  these 
loss  mechanisms  are  important  for  the  cavities  examined  in  this  study.  The  total  Q  of  the 
resonator  can  be  expressed  as 

1  _  1  1 

Q~  Q0  +  Qd,c 

where  Qa  is  the  ohmic  Q  and  Qd,c  is  the  Q  due  to  diffraction  and  coupling  losses.  The 
ohmic  Q  may  be  calculated  using  the  formula 

Qo  =  |(/x/i  o*)*.  (32) 


Silver-  and  gold-coated  resonator  mirrors  were  used  in  these  tests,  with  conductivities 
6.15  x  107  and  4.5  x  107  siemens/m,  respectively.  Note  that  the  ohmic  Q  increases  linearly 
with  separation  due  to  the  fact  that  the  energy  stored  in  the  resonator  increases  linearly 
with  mirror  separation. 

The  diffraction/coupling  Q  is  best  calculated  (separately  from  the  ohmic  Q)  through 
the  use  of  a  computer  code  based  on  a  scalar  Huygen’s  formulation. (41)  This  code  may 
be  used  to  model  cavities  with  nonidentical  mirrors,  with  or  without  coupling  holes.  The 
diffraction  and  coupling  Q  factors  are  each  calculated  for  the  TEMoo  mode  as  well  as  higher 
order  modes  and  may  then  be  combined  with  the  ohmic  Q ;  yielding  the  total  calculated 
resonator  Q. 

A  chief  obstacle  to  performing  cold  tests  of  millimeter-wave  resonators  is  coupling  power 

into  the  resonator  without  perturbing  the  Q  too  seriously.  In  this  study,  a  small  coupling 
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hole  was  drilled  through  the  center  of  one  mirror.  The  size  of  the  hole  was  chosen  to 
minimize  degradation  of  Q  while  coupling  a  measurable  amount  of  power  into  the  resonator. 
The  radius  of  the  coupling  hole  used  here  was  0.38  mm,  which  had  the  effect  shown  in 
Figure  23.  As  can  be  seen  from  the  figure,  for  separations  greater  than  20  cm,  the  added 
coupling  hole  (not  present  in  the  hot  test  resonator)  had  essentially  no  effect.  The  resonator 
mirror  separation  in  the  hot  test  could  be  varied  between  20  and  28  cm,  making  this  cold 
test  resonator  a  good  model  of  the  experiment.  For  mirror  separations  less  than  20  cm, 
any  change  in  the  round-trip  losses  results  in  a  large  change  in  the  total  Q  due  to  the 
small  output  coupling.  Figure  24  shows  the  calculated  round-trip  transmission  loss  due 
to  diffraction  as  a  function  of  separation  for  the  resonator  analyzed  in  Figure  23.  The 
transmission  increases  from  2.5%  to  6%  in  the  range  of  interest. 

IV.B.  Cold  Test  Results 

A  schematic  diagram  of  the  experimental  setup  is  shown  in  Figure  25  and  is  similar 
to  that  adopted  by  Perenoud  et  al.^40)  The  entire  arrangement  was  located  on  an  opti¬ 
cal  table,  with  the  QOG  resonator  mirrors  mounted  on  six-inch  diameter  optical  mounts 
translatable  by  hand.  Instrument  calibration  was  accomplished  using  the  interferometer 
shown  in  Figure  25,  which  was  comprised  of  two  six- inch  diameter  mirrors  and  had  a  Q  of 
approximately  70,000.  ^ 

Figure  26  shows  measured  and  calculated  values  of  Q  versus  separation  for  a  resonator 
with  4.5-cm  diameter  mirrors.  The  coupling  hole  was  0.76  mm  in  diameter  and  the  fre¬ 
quency  was  120  GHz.  The  radius  of  curvature  was  38.7  cm  for  each  of  the  mirrors  used. 
Agreement  between  data  and  theory  is  quite  good  for  separations  greater  than  20  cm. 
which  is  the  region  of  operation  of  the  QOG.  Measured  values  are  somewhat  higher  than 
predicted  by  the  code  at  smaller  mirror  separations,  a  discrepancy  which  may  be  due  to 
the  presence  of  the  coupling  hole. 

Figure  27  shows  data  obtained  with  the  4.5-cm  diameter  mirrors  measured  at  94  GHz. 
The  values  for  Q  are  much  lower  due  to  increased  diffraction  losses  at  the  lower  frequency. 
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A  Q  of  7,000  corresponds  to  a  round-trip  transmission  coefficient  of  18%,  measured  at  a 
resonator  mirror  separation  of  26  cm. 

Several  different  resonator  configurations  were  studied  in  the  cold  tests  performed  at 
NRI/36)  including  asymmetric  and  misaligned  cavities.  In  general,  it  was  found  that  the 
alignment  precision  available  on  the  hot  test  was  sufficient  to  easily  maximize  the  resonator 
Q.  The  Q  values  measured  in  the  cold  tests  were  estimated  to  be  accurate  to  ±10%. 
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V.  Current  NHL  Experiment 


Based  on  results  obtained  from  the  experiment  described  in  Section  3,  a  new  QOG 

experiment  designed  to  produce  500  kW  -  1  MW  at  a  frequency  of  120  GHz  has  been 

assembled  at  NRL  and  is  shown  schematically  in  Figure  28.  The  major  differences  from 

the  experiment  shown  schematically  in  Figure  8  are  the  physically  larger,  higher  current 

electron  gun  and  a  resonator  with  correspondingly  larger  output  coupling.  To  accommodate 

I 

the  higher  power  gun,  which  also  produces  a  larger  diameter  electron  beam,  several  of  the 
i  components  of  the  experiment  have  been  upgraded. 

The  electron  gun  used  in  this  experiment  is  the  Varian  VUW-8144  which  was  originally 
designed  for  and  used  in  the  MIT  gyrotron  program.^2*  It  produces  an  annular  beam  which 
has  a  diameter  of  1  cm  in  the  resonator.  This  electron  gun  is  expected  to  produce  a 
beam  with  a  momentum  pitch  ratio  (a)  approaching  1.5,  which  should  allow  operation 
at  efficiencies  approaching  20%.  The  gun  is  capable  of  operation  at  voltages  in  excess  of 
90  kV  which  is  the  limit  of  the  driving  modulator.  Currents  up  to  50  A  are  possible, 
although  this  may  be  limited  by  space-charge  depression  of  the  beam  as  it  passes  through 
the  resonator,  as  discussed  in  Section  II.I.  Provision  has  been  made  to  allow  the  application 
of  an  accelerating  electric  field  across  the  resonator  to  offset  the  space-charge  depression, 
and  its  effect  will  be  tested  experimentally.  The  approach  involves  applying  a  voltage 
of  ~  10  kV  to  the  collector  tip  via  a  high  voltage  vacuum  feedthrough  as  indicated  in 
Figure  28.  In  the  absence  of  the  accelerating  axial  electrostatic  field,  electron  currents  up 
to  ~  30  A  for  a  =  1.5  and  ~  65  A  for  a  =  1  can  be  propagated. 

The  electron  gun’s  emitter  is  placed  in  the  fringing  field  of  the  superconducting  magnet 
at  a  position  calculated  to  produce  an  average  beam  momentum  pitch  ratio  (a)  of  1.5.  This 
value  may  be  tuned  by  varying  the  voltage  on  the  gun’s  intermediate  anode,  which  is  a 
somewhat  tedious  task  in  the  current  experimental  setup.  Additional  tuning  of  the  electron 
beam  parameters  may  be  gained  by  adding  a  trim  coil  to  modify  the  magnetic  field  in  the 
region  of  the  emitter  and  is  planned  for  a  later  stage  of  the  experiment. 

As  added  protection  of  the  electron  gun  from  vacuum  failure  of  the  RF  output  windows. 
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a  double- window  design  has  been  implemented  in  this  experiment.  As  shown  schematically 
in  Figure  28,  each  window  is  composed  of  two  layers  of  0.013-cm  thick  mylar  with  the  region 
between  the  two  layers  filled  with  an  inert  gats  at  low  pressure.  Interlocks  are  attached 
that  turn  the  experiment  off  in  the  event  that  the  pressure  between  the  two  mylar  layers 
changes  appreciably.  This  window  design  also  hats  the  desirable  feature  of  being  essentially 
transparent  over  the  frequency  range  of  interest  in  the  experiment  (i.e.  90-130  GHz). 

Due  to  the  larger  diameter  electron  beam  produced,  the  beam  transport  system  used 
in  the  previous  experiment  was  necessarily  replaced.  This  included  the  drift- tube  ais  well 
as  the  uptaper  that  transports  the  beam  from  the  resonator  to  the  collector.  Each  of  these 
components  now  has  several  holes  or  slots  designed  both  to  load  any  gyrotron  modes  that 
might  exist  in  the  transport  system  and  to  allow  better  vacuum  pumping.  The  electron 
beam  is  now  collected  above  the  superconducting  magnet  dewar,  allowing  easy  access  to 
the  collector  for  cooling.  To  ensure  that  the  beam  is  transported  to  the  collector  before 
impinging  on  the  wall  of  the  transport  system,  a  trim  coil  has  been  added  at  the  top  of  the 
superconducting  magnet  dewar.  The  collector  is  also  isolated  electrically  and  thermally, 
permitting  it  to  be  easily  modified  for  depressed  operation  in  future  experiments.  The 
thermal  isolation  enables  the  collector  surface  to  be  baked-out  at  temperatures  up  to  400°  C 
after  assembly.  This  has  led  to  a  noticable  reduction  in  the  pressure  build-up  due  to  collector 
outgaissing  during  initial  operation  compared  to  previous  experiments. 

To  maintain  efficient  beam-wave  coupling  in  the  presence  of  larger  currents,  the  res¬ 
onator  has  been  redesigned  with  correspondingly  larger  output  coupling  values.  Still  main¬ 
tained  is  the  ability  to  vary  the  mirror  separation  and  effectively  alter  the  output  coupling 
while  the  system  is  under  vacuum.  The  resonator  design  parameters  are  shown  in  Table  II. 
showing  that  the  output  coupling  can  be  varied  from  2.2-6. 0%  by  changing  the  resonator 
mirror  separation  from  20-28  cm.  This  resonator  has  been  extensively  studied,  both  nu¬ 
merically  and  in  cold  test,  as  described  in  Section  IV.  The  calculated  round-trip  output 
coupling  of  the  resonator  is  plotted  as  a  function  of  mirror  separation  in  Figure  24.  Cal¬ 
culated  and  measured  resonator  Q  factors  for  frequencies  of  120  and  94  GHz  are  shown  in 
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Figures  26  and  27  respectively. 
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VI.  1-MW  CW  QOG  Designs 


It  is  a  relatively  straightforward  task  to  design  high  average  power  QOGs  using  the 
equations  developed  in  Section  II.  The  starting  point  is  the  specification  of  the  desired  out¬ 
put  power  and  operating  frequency,  the  electron  beam  voltage  and  velocity  pitch  ratio  (a), 
and  the  peak  ohmic  heating  density  on  the  resonator  mirrors.  The  normalized  interaction 
length  ( n )  and  electric  field  (F)  axe  then  chosen  from  the  stability  plots  (Figure  5)  to  en¬ 
sure  single-mode,  high-efficiency  operation.  With  these  parameters  specified,  the  radiation 
waist  radius  ( w0 ),  transmission  coefficient  (T),  resonator  mirror  radius  of  curvature  (Rc) 
and  separation  (d)  may  each  be  calculated.  The  resonator  mirror  diameter  (2a)  (which 
determines  the  output  coupling)  is  then  best  calculated  using  a  resonator  code  based  on 
scalar  diffraction  theory/41^  but  is  estimated  here  by  assuming  that  the  resonator  fields  are 
purely  Gaussian: 

/21n(2/T)\* 

a~w°[  1+g  J  ' 

Also  easily  calculated  is  the  total  power  (F0 hmic)  absorbed  by  each  resonator  mirror  through 
ohmic  heating.  If  the  resonator  designed  in  this  manner  is  compatible  with  a  magnet  design, 
the  process  is  completed. 

The  value  of  fi  depends  both  on  the  electron  beam  a  and  the  radiation  waist  radius  wq. 
Large  values  of  a  («  1.5-2)  axe  necessary  for  high  electronic  efficiencies  and  for  fi  =  10 
the  corresponding  radiation  waist  radius  is  w0  =  2.5 A.  Such  a  small  radiation  waist  in 
the  interaction  region  causes  the  radiation  to  expand  rapidly  as  it  travels  away  from  the 
interaction  region,  as  can  be  seen  from  Eq.  (20)  which  shows  that,  for  y  »  w0,  w(y)  ~ 
\y/(nw<)).  A  reasonable  estimate  for  the  minimum  crossbore  radius  is  three  radiation 
waist  radii.  This  estimate  is  plotted  in  Figure  29  for  120  and  280  GHz  configurations 
with  wq/\  =  4.5  and  for  280  GHz  with  Wq/\  =  2.5.  Note  that  the  radiation  waist  is 
approximately  independent  of  A  for  y  wo.  Also  shown  in  this  figure  is  the  position  of  the 
superconducting  coil  of  the  NRL  5  T  magnet.  This  field  is  large  enough  to  allow  operation 
in  the  second  harmonic  at  frequencies  up  to  240  GHz.  It  is  probable  that  operation  in 


the  fundament cil  harmonic  at  280  GHz  will  necessitate  the  use  of  a  magnet  whose  coils  are 
somewhat  closer  together.  Figure  29  shows  that  the  crossbore  radius  for  w0/ A  =  2.5  extends 
into  the  region  occupied  by  the  coils  in  the  NRL  magnet,  resulting  in  a  conflict  between 
the  magnet  dewar  and  the  radiation  fields.  One  method  to  ease  the  problem  is  to  allow 
the  electron  beam  a  to  be  lowered  to  a  value  of  1.  To  maintain  y  =  10,  needed  for  high 
perpendicular  efficiency  and  single-mode  stability,  the  waist  radius  must  then  be  increased 
to  wq  =  4.5A.  This  causes  the  radiation  to  expand  more  slowly,  as  shown  in  Figure  29; 
however,  operation  at  a  =  1  requires  the  use  of  a  depressed  collector  to  obtain  high  output 
i  efficiencies.  The  envelope  of  the  radiation  at  560  GHz  (not  shown)  changes  significantly 

from  the  280  GHz  case  only  near  the  radiation  waist.  Unfortunately,  a  value  of  a  =  1  is 
undesirable  for  second  harmonic  operation,  since  the  amount  of  ohmic  power  dissipated  on 
the  resonator  mirrors  increases  rapidly  as  a  decreases.  To  alleviate  this  problem  at  the 
expense  of  transverse  efficiency,  the  value  of  y  may  be  raised  to  18.  This  corresponds  to 
a  =  1.5  and  w0/X  =  4.5  and  should  allow  single- mode  operation  at  normalized  fields  of 
F  =  0.07  at  a  transverse  efficiency  of  ~40%. 

Utilizing  the  above  prescription,  designs  have  been  produced  for  1  MW  QOGs  operating 
in  the  first  harmonic  at  120  and  280  GHz  and  in  the  second  harmonic  at  280  and  560  GHz. 
The  electron  beam  parameters  chosen  were  80  kV  and  a  =  1.0  for  the  first  harmonic  designs, 
while  a  =  1.5  was  used  for  the  second  harmonic  designs.  The  peak  ohmic  heating  density  (at 
the  center  of  each  mirror  for  the  TEMoo  mode)  was  limited  to  500  kW / cm2  and  essentially 
determined  the  mirror  separation.  The  total  power  dissipated  by  each  mirror  is  independent 
of  the  peak  heating  density  chosen.  The  values  of  y  =  10  and  F  =  0.22  were  chosen  by 
inspection  from  Figure  5  for  the  first  harmonic  resonator  design.  As  discussed  above,  y  =  IS 
and  F  =  0.07  were  necessary  to  limit  the  ohmic  losses  and  prevent  excessive  spreading  of 
the  radiation  in  the  magnet  crossbore  in  the  second  harmonic  cases.  Although  these  choices 
are  based  essentially  on  calculations  for  the  fundamental  harmonic,  the  second  harmonic 
interaction  is  not  expected  to  differ  significantly.  Thus,  the  perpendicular  efficiency  (which 
determines  the  electron  beam  current)  is  estimated  at  50%  for  for  the  fundamental  and 
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40%  for  the  second  harmonic  designs.  A  better  estimate  of  the  efficiency  and  the  region  of 
single- mode  stability  will  be  possible  when  the  calculations  leading  to  Figure  5  are  solved 
for  second  harmonic  operation.  Design  parameters  for  a  1  MW,  150  GHz  QOG  have  been 
obtained  by  Tran  et  al.S 

The  presence  of  a  moderately  efficient  depressed  collector  was  assumed  that  could  re¬ 
cover  the  energy  in  the  beam  electrons  motion  parallel  to  the  magnetic  field  as  they  pass 
through  the  resonator  (i.e.,  50%  of  the  energy  in  an  a  =  1  beam).  This  is  a  relatively  con¬ 
servative  assumption,  due  to  the  facts  that  the  parallel  motion  of  the  electrons  is  relatively 
unperturbed  by  the  beam-wave  interaction  and  that  much  of  the  beams  transverse  energy 
is  converted  to  parallel  energy  via  magnetic  decompression  prior  to  being  collected.  With 
these  parameters  specified,  the  remainder  of  the  resonator  parameters  were  calculated  and 
are  shown  in  Table  III. 

There  are  several  points  of  interest  to  note  in  these  designs.  Firstly,  the  output  couplings 
of  the  different  cavities  are  fairly  low  (7.1  and  4.9%).  This  implies  that  the  output  power 
can  be  raised  simply  by  reducing  the  diameter  of  the  resonator  mirrors  (which  increases 
the  output  coupling  without  affecting  the  other  resonator  parameters).  Of  course,  it  would 
be  necessary  to  correspondingly  increase  the  electron  beam  current,  which  would  probably 
require  a  sheet  electron  beam. 

Secondly,  the  number  of  interacting  modes,  which  is  given  by 

iVmod«  =  (34) 

Wq 

becomes  quite  large  for  the  280  and  560  GHz  cavities.  This  number  has  been  estimated  by 
dividing  the  resonator  longitudinal  mode  spacing  (a///)  into  the  interaction  bandwidth 
[Eq.  (4)]  with  Nc  given  by  the  number  of  cyclotron  orbits  that  an  electron  makes  as  it 
travels  a  distance  of  2  radiation  waist  diameters  (i.e.  4u;0).  It  should  be  stressed  that 
the  large  number  of  interacting  modes  does  not  alter  the  single-frequency  stability  region 
in  the  high-efficiency  area  of  interest,  and  thus  high-efficiency  operation  should  not  be 
affected  for  CW  operation  although  the  time  required  to  establish  the  single-mode  state 
may  increase.  ^ 
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The  power  lost  to  ohmic  heating  is  higher  for  the  second  harmonic  designs  due  to  the 
somewhat  weaker  beam-wave  coupling  compared  to  the  fundamental  interaction.  As  can 
be  seen  from  Eq.  (19),  this  power  depends  strongly  on  the  frequency  but  also  depends 
somewhat  on  the  output  coupling.  The  ohmic  power  does  not  depend  on  g  as  do  the 
peak  and  average  heating  densities,  resulting  in  the  fact  that  the  heating  densities  may  be 
reduced  by  moving  the  resonator  mirrors  apart,  but  the  same  amount  of  total  ohmic  power 
must  still  be  dissipated. 
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VII.  Conclusions 


This  paper  has  reviewed  recent  progress  toward  the  development  of  high- power  quasi- 
optical  gyrotrons  for  ECRH  of  fusion  plasmas.  There  has  clearly  been  significant  experimen¬ 
tal  and  theoretical  progress  in  the  QOG  since  its  invention  a  decade  ago.  Its  outstanding 
feature  is  an  open  resonator  formed  by  a  pair  of  spherical  mirrors  instead  of  a  waveguide 
resonator  as  in  conventional  gyrotrons.  This  configuration  has  the  potential  for  overcoming 
conventional  gyrotron  limitations  at  high  frequencies  associated  with  high  ohmic  heating 
and  problems  with  transverse  mode  competition  due  to  the  highly  overmoded  configuration, 
and  with  beam  collection,  since  the  beam  must  be  collected  along  a  section  of  the  output 
waveguide.  The  QOG  resonator  mirrors  can  be  well  removed  from  the  beam-wave  inter¬ 
action  region,  allowing  a  large  volume  for  the  interaction  and  low  ohmic  heating  densities 
at  the  mirrors.  The  beam  direction  is  transverse  to  the  resonator  so  that  beam  collection 
is  separate  from  the  output  waveguide.  This  geometry  is  particularly  well  suited  to  the 
use  of  a  depressed  collector  for  electron  beam  energy  recovery.  The  QOG  operates  in  the 
lowest-order  transverse  (TEMooj)  Gaussian  mode  of  the  resonator,  higher-order  transverse 
modes  being  effectively  suppressed  by  higher  diffraction  losses. 

Proof-of-principle  experiments  have  been  carried  out  which  have  demonstrated  the  key 
advantages  of  the  QOG  concept,  including  low  ohmic  losses  in  the  resonator,  t unability,  and 
separation  of  the  electron  and  radiation  beam.  Powers  up  to  148  kW  have  been  achieved 
at  efficiencies  up  to  12%,  and  tunability  from  95  to  130  GHz  has  been  demonstrated. 
It  is  expected  that  pulsed  QOG  performance  will  be  extended  to  the  0.5-1  MW  power 
level  and  20%  efficiency  level  by  a  new  device  recently  set  up  at  NRL.  These  experiments 
are  providing  a  data  base  for  the  development  of  multimegawatt,  120  GHz  CW  QOGs 
for  ITER  and  the  development  of  1  MW,  280  and  560  GHz  CW  QOGs  for  the  Compact 
Ignition  Tokamak. 

An  overview  of  QOG  theory  has  been  given  which  has  shown  the  effectiveness  of  us¬ 
ing  normalized  variables  to  characterize  operation  both  in  the  fundamental  and  at  higher 
harmonics  of  the  cyclotron  frequency.  A  highlight  of  recent  theoretical  work  has  been  the 
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development  of  a  theory  predicting  stable  single-mode  operating  regimes  for  fundamental 
harmonic  operation  with  highly  overmoded  resonators.  The  application  of  this  theory  to 
harmonic  operation  is  of  considerable  interest  and  is  currently  underway.  A  substantial 
improvement  in  efficiency — transverse  efficiencies  up  to  50% — and  singe- mode  stability  has 
recently  been  predicted  when  the  resonator  and  electron  beam  axes  are  tilted  a  few  degrees 
from  perpendicular  and  an  early  experimental  test  is  planned. 

Scaling  equations  for  the  output  power  and  ohmic  heating  of  resonator  mirrors  have 
been  given.  The  design  tradeoffs  between  annular  and  sheet  electron  beams  have  been 
discussed  as  has  the  issue  of  beam  space  charge  depression  in  the  open  resonator.  The 
application  of  a  depressed  collector  has  been  discussed  as  a  means  of  recovering  the  energy 
in  the  axial  motion  of  the  spent  electron  beam  and,  thus,  raising  the  output  efficiency  to 
near  the  transverse  electronic  efficiency.  The  problem  of  high  field  magnet  design  has  been 
addressed,  for  both  fundamental  and  higher  harmonic  operation,  the  latter  being  necessary 
to  achieve  frequencies  above  300  GHz.  The  design  equations  and  tradeoffs  have  been  applied 
to  the  design  of  1  MW,  CW  quasi-optical  gyrotrons  operating  in  the  fundamental  harmonic 
at  120  GHz,  in  the  first  and  second  harmonic  at  280  GHz,  and  in  the  second  harmonic  at 
560  GHz.  The  output  coupling  for  these  1  MW  designs  is  5-7%  showing  the  potential  for 
even  higher  powers  per  tube  if  sheet-beam  electron  guns  can  be  developed.  The  estimated 
electronic  efficiency  of  the  fundamental  harmonic  designs  is  23%,  which  leads  to  an  output 
efficiency  of  47%  through  the  use  of  a  depressed  collector  with  a  modest  collection  efficiency. 
The  peak  ohmic  heating  density  is  500  W / cm2  in  all  designs.  This  leads  to  resonator  mirror 
separations  ranging  from  127  cm  for  120  GHz  design,  to  232  cm  for  the  560  GHz,  second 
harmonic  design.  Finally,  a  simple  output  system  composed  of  an  elliptical  and  a  parabolic 
mirror  has  been  described  that  converts  the  output  radiation  from  the  resonator  into  a 
parallel,  quasi- Gaussian  beam. 

Experimental  programs  have  been  reviewed,  especially  the  recent  experiment  at  the 
Naval  Research  Laboratory  that  produced  frequencies  ranging  from  95-130  GHz  and  pow¬ 
ers  up  to  150  kW.  A  highlight  of  this  experiment  was  the  demonstration  of  operation  in  a 
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single  mode  at  powers  up  to  125  kW  despite  the  resonator  being  highly  overmoded.  Com¬ 
parison  with  the  theoretically  predicted  region  of  single-mode  operation  showed  reasonable 
agreement  between  theory  and  experiment.  Recent  progress  in  the  experimental  character¬ 
ization  of  QOG  resonators  has  been  summarized.  Previous  QOG  experiments  have  utilized 
resonator  configurations  which  have  emphasized  the  flexible  variation  of  parameters.  Fu¬ 
ture  investigations  at  NRL  will  develop  coolable  mirror  configurations  and  output  coupling 
systems  for  producing  a  linearly  polarized  Gaussian  beam. 
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TABLE  I 


Resonator  Parameters  for  the  150  kW  QOG  Experiment  at  NRL 


Frequency  (/) 

120  GHz 

Wavelength  (A) 

0.25  cm 

Mirror  Diameter  (2a) 

5.0  cm 

Radius  of  Curvature  (if<.) 

38.7  cm 

Mirror  Separation  ( d ) 

20 

24 

28  cm 

Longitudinal  Mode  Spacing  (a///) 

0.63 

0.52 

0.45% 

Radiation  Waist  Radius  (w„) 

1.16 

1.19 

1.22  cm 

w0/X 

4.6 

4.8 

4.9 

H  (E  —  70  keV,  a  =  1.0) 

9.8 

10.1 

10.3 

Transmission  Coefficient  (T,  round  trip) 

0.4 

1.5 

2.3% 

Diffraction  Quality  Factor  (Q^) 

257,000 

83.000 

62.000 

Ohmic  Quality  Factor  ( Q0 ) 

462,000 

554,000 

647.000 

Total  Quality  Factor  (Q) 

165,000 

72,000 

57.000 

Fresnel  Number  (a2/\d) 

1.25 

1.04 

0.89 

g(l  ~d/Re) 

0.48 

0.38 

0.28 
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TABLE  II 

Design  Parameters  of  the  Current  QOG  Experiment  at  NRL 


Frequency  (/) 

120  GHz 

Wavelength  (A) 

0.25  cm 

Electron  Energy 

80  keV 

Electron  Current 

50  A 

Output  Power 

0.5-1  MW 

Mirror  Diameter  (2a) 

4.5  cm 

Radius  of  Curvature  (Re) 

38.7  cm 

Mirror  Separation  ( d ) 

20 

24 

28  cm 

Longitudinal  Mode  Spacing  (a///) 

0.63 

0.52 

0.45% 

Number  of  Interacting  Modes 

~5 

~5 

~6 

Radiation  Waist  Radius  (u;0) 

1.16 

1.19 

1.2  cm 

w0/ A 

4.6 

4.8 

4.9 

Normalized  Interaction  Length  (fi) 

10-17 

10-17 

10-18 

Transmission  Coefficient  (T,  round  trip) 

2.2 

4.9 

6.0% 

Diffraction  Quality  Factor  (Qd) 

45,000 

24,700 

25.000 

Ohmic  Quality  Factor  ( Q0 ) 

540,000 

648,000 

756.000 

Total  Quality  Factor  ( Q ) 

41,500 

23,800 

24,200 

Fresnel  Number  (a2 /Ad) 

1.01 

0.84 

0.72 

g(l  -d/Re) 

0.48 

0.38 

0.2S 

Normalized  Electric  Field  (F) 

0.12 

Peak  Ohmic  Heating  Density 

890 

830 

760  W/cm 

Total  Ohmic  Power  (per  mirror) 

2.5 

2.6 

2.7  kW 
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TABLE  III 

Design  Parameters  for  1  MW  CW  QOGs  at  120,  280,  and  560  GHz 


Frequency  (/) 

120 

280 

280 

560  GHz 

Wavelength  (A) 

2.5 

1.1 

1.1 

0.54  mm 

Harmonic  Number 

1 

1 

2 

2 

Electron  Energy 

80 

80 

80 

80  keV 

Electron  Current 

54 

54 

48 

48  A 

Velocity  Pitch  Ratio  (a) 

1.0 

1.0 

1.5 

1.5 

Output  Power 

1 

1 

1 

1  MW 

Electronic  Efficiency 

23 

23 

26 

26% 

Output  Efficiency 

47 

47 

37 

37% 

Peak  Ohmic  Heating  Density 

500 

500 

500 

500  W/cm: 

Total  Ohmic  Power  (per  mirror) 

4.1 

6.3 

9.2 

13.1  kW 

Normalized  Electric  Field  (F) 

0.22 

0.22 

0.07 

0.07 

Normalized  Interaction  Length  (fi) 

10 

10 

18 

18 

Mirror  Diameter  (2a) 

8.6 

11 

13 

16  cm 

Mirror  Separation  ( d ) 

58 

80 

97 

116  cm 

Radius  of  Curvature  (jR) 

37 

41 

49 

58  cm 

8(1  -d/R.) 

-0.539 

-0.945 

-0.962 

-0.993 

Output  Coupling  (T,  round  trip) 

7.1 

7.1 

4.9 

4.9% 

Radiation  Waist  Radius  ( w0 ) 

1.12 

0.48 

0.48 

0.24  cm 

w0/\ 

4.5 

4.5 

4.5 

4.5 

Longitudinal  Mode  Spacing  (a///) 

0.22 

0.067 

0.055 

0.023% 

Number  of  Interacting  Modes 

~18 

~59 

~56 

~  135 
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X. 


T 


t 


d/R2 


the  stability  criterion  (0  <  (1  —  d/Ri)(l  —  d) R?)  <  1)  is  not  satisfied.  Note  that  the 
experimental  design  of  the  recently  completed  NRL  experiment  lies  well  within  the 
stable  region. 
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figure  3.6-6  plot  calculated  by  Antonsen  et  al.(7)  of  QOG  single  mode  transverse  efficiency, 
Tix  for  a  pencil  election  beam  and  p  =  10.  The  region  of  stable  single  mode  equilibria 
for  £  —  10  is  indicated  by  the  heavy  solid  curve,  and  the  region  for  £  =  50  is  indicated 
by  the  heavy  dashed  curve. 


0.2  0.6  1.0  1.4  1.8 


€ 

Figure  4.  €  —  <5  plot  calculated  by  Antonsen  et  alJ7'  of  QOG  single  mode  transverse  efficiency, 
T}±.  for  an  annular  electron  beam,  n  =  10,  and  perpendicular  electron  beam  and 
resonator  axes.  The  region  of  stable  single  mode  equilibria  is  indicated  by  the  heavy 
solid  curve. 
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6 

Figure  5.  €  —  6  plot  calculated  by  Antonsen  et  alJ7'  of  QOG  single  mode  transverse  efficiency, 
tjx  for  an  annular  electron  beam  and  =  10.  The  electron  beam  axis  is  tilted  by 
a  small  angle  (O'  =  1)  from  the  direction  perpendicular  to  the  resonator  axis.  The 
region  of  stable  single  mode  equilibria  is  indicated  by  the  heavy  solid  curve. 
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symmetric  about  the  plane  containing  the  gun  axis. 
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Figure:  8.  Schematic  diagram  of  the  recent  120  GHz,  150  kW  NHL  quasi-optical  gyrotron  ex 
periment. 


Figure  9.  Output  power  vs.  mirror  separation  for  a  50  kG  magnetic  field.  The  solid  squa 
data  corresponds  to  a  gun  voltage  of  V  =  66.7  kV  and  a  beam  current  of  3  A.  T1 
solid  dot  data  corresponds  to  a  gun  voltage  of  V  =  71.5  kV  and  a  beam  current 
13.5  A. 
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Cathode  Current  (A) 

Figure  10.  Output  power  vs.  beam  current  for  20  cm  mirror  separation  and  a  gun  voltage  of 
71.5  kV.  The  magnetic  field  is  44,  47,  and  50  kG  for  the  solid  square,  solid  dot.  and 
solid  triangle  data,  respectively. 
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Cathode  Current  (A) 

Figure  11.  Output  efficiency  vs.  beam  current  for  20  cm  mirror  separation  and  a  gun  voltage 
71.5  kV.  The  magnetic  field  is  44,  47,  and  50  kG  for  the  solid  square,  solid  dot,  ai 
solid  triangle  data,  respectively. 
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Figure  13.  Electronic  efficiency  vs.  Ql/d.  The  solid  curve  shows  results  from  a  multimode. 

annular  beam  simulation.  The  solid  dots  and  triangles  show  the  estimated  electronic 
efficiency  for  the  50  kG  power  data  shown  in  Figure  10.  The  solid  dots  are  based  on 
the  diffraction  Q  obtained  from  scalar  diffraction  theory,  and  the  solid  triangles  are 
based  on  the  Q  inferred  from  the  threshold  current  data. 
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Efficiency  (%) 


Cathode  Current  (A) 

Figure  14.  Output  power  and  efficiency  operation  with  a  50  kG  resonator  magnetic  field  and  gun 
voltages  of  71-74  kV.  The  mirror  separation  for  the  data  shown  by  the  solid  and  open 
squares  is  20  cm,  and  is  23  cm  for  the  data  shown  by  the  solid  and  open  circles  and 
triangles.  The  resonator  magnetic  field  has  a  2%  negative  taper  for  the  data  shown 
by  the  solid  and  open  circles. 


Frequency  (GHz) 


Magnetic  Field  (kG) 

Figure  15.  Frequency  tuning  by  magnetic  field  variation.  The  oscillation  frequencies  are  shown 
by  +  signs  and  the  output  power  is  shown  by  the  solid  dots.  The  gun  voltage  and 
beam  current  are  66.7  kV  and  12  A,  respectively,  and  the  mirror  separation  is  20  cm. 
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Gun  Voltage  (kV) 

Figure  16.  Frequency  tuning  with  gun  voltage  variation  for  a  magnetic  field  of  50  kG.  a  current 
of  ~  10  A  and  a  20  cm  mirror  separation.  The  oscillation  frequencies  are  shown  by 
the  solid  dots  and  the  large  dots  indicate  the  dominant  mode. 
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Beam  Current  (A) 

Figure  19.  Output  power  for  single- mo ded  or  near-single-moded  operation  for  a  magnetic  field  ■ 
47  kG  and  frequencies  of  119-120  GHz.  The  mirror  separation  is  23,  25.5  and  28  c 
for  the  solid  dots,  triangles,  and  squares,  respectively. 
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Figure  20.  Resonance  detuning  dependence  on  beam  current  normalized  to  the  threshold  current. 

The  detuning  in  (a)  is  uncorrected  for  space-charge  effects:  the  data  in  (  hi  includes 
a  space-charge  correction.  The  solid  dots,  triangles,  and  squares  correspond  to  the 
data  shown  in  Figure  19. 
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Figure  21.  QOG  normalized  operating  parameter  space  for  (a):^  =  5  (a  -  0.65)  and  =  10 
(a  =  1).  The  solid  dots,  triangles,  and  squares  correspond  to  the  data  shown  in 
Figure  19.  The  solid  curves  indicate  the  boundary  of  the  predicted  region  of  stable 

operation. 


Separation  (cm) 

figure  ‘23.  The  calculated  effect  of  a  coupling  hole  on  the  resonator  Q.  The  solid  curve  is  the 
resonator  without  lh«  hole;  the  dashed  curve  is  for  a  resonator  with  a  0.76  nun 


Separation  (cm) 

Figure  24.  Round-trip  transmission  coefficient  versus  mirror  separation  (frequency  =  120  GHz, 
mirror  diameter  =  4.5  cm,  radius  of  curvature  =  38.7  cm).  The  separation  is  typically 
varied  between  20  and  28  cm  in  the  QOG. 
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DETECTOR 

I  iguie  25.  Schematic  diagram  of  the  cold  test  apparatus.  Output  is  collected  as  diffraction 
around  one  of  the  (juasi  optical  mirrors. 


Separation  (cm) 

Figure  26.  Measured  (open  dots)  and  tlieoretical  values  (solid  curve)  of  resonator  Q  versus  mirror 
separation  (frequency  —  120  GHz,  mirror  diameter  —  4.5  cm,  radius  of  curvature  -- 
38.7  cm,  hole  diameter  —  0.76  mm). 


COLLECTOR 


Figure  28.  A  schematic  diagram  of  the  0.5-1  MW,  120  GHz  QOG  experiment  at  NRL. 
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